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JANUARY, 1944 


THE EXUDATION OF GLUTAMINE FROM LAWN GRASS 
LAWRENCE C. CURTIS 
(WITH TWO FIGURES) 


In 1934 GREENHILL and CurIBNALL (3) reported the exudation of gluta- 
mine from perennial rye grass when treated with nutrient solutions high in 
ammonia. This is the first recorded observation of glutamine being 
exuded from a plant. 





Fie. 1. Lawn grass, showing exuded salt, composed largely of glutamine. This 
salt was confined to the area fertilized, and the paths of the fertilizer spreader are clearly 
seen. 


In April, 1942, a similar phenomenon occurred on a lawn in Hamden, 
Connecticut. On April 11 an undetermined amount of a 10-5—5 fertilizer, 
high in ammonium sulphate and potassium chloride was applied to a poor 
uncut area of a lawn and immediately irrigated with a hose. The weather 
conditions at the time were cloudless, the nights were cool and no rain fell. 

1 
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In addition to a heavy dew every night, the grass guttated profusely, and 
this water remained on the plants well into the middle of the morning. On 
the day following the fertilizer application, the color of the fertilized area 
took on a whitish cast which became increasingly more conspicuous for three 
days. At that time detailed observation showed that a small white deposit 
was attached to the tip and side of almost every grass blade. The owner 
of the lawn, thinking that the fertilizer that he had applied had been harm- 
ful, asked the Experiment Station for an explanation of this unusual 
phenomenon. 


Fig. 2. Individual blades of grass, sorrel, and Achillea millefolium all showing ex- 
uded salt deposits. 


The lawn was indeed an unusual sight when the writer saw it on April 
15. Figure 1 clearly shows that the white area corresponded to that part 
of the lawn where the fertilizer had been applied. The path of the fertilizer 
spreader is clearly seen. Figure 2 shows individual grass blades, together 


with specimens of two other species of plants, Achillea millefolium, and sor- 
rel, Rumex acetosella, bearing the deposits. Two other plant species not 


included in the picture but which also bore deposits at the leaf margins were 
clover, Trifolium repens, and hawk weed, Hieracium pratense. 


Identification of material 
Samples of the grass with the adhering deposit were brought to the 
laboratory for identification. Doctors H. B. Vickery and G. H. PucHER 
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of the Biochemical Laboratory of this Station were able, by chemical means, 
to identify the greater part of the white deposit as glutamine. In a solution 
prepared by rinsing the sample of cut grass blades with warm water, the 
equivalent of 6.7 grams of glutamine per kilo of fresh material were found, 
while the washed clippings contained the equivalent of 5.1 grams per kilo, 
most of which was located within the blades. 

Attempts to reproduce the phenomenon of glutamine exudation have 
failed. Only traces of glutamine were found in guttation water collected’ 
from grass plots which had been treated with a similar fertilizer in an 
attempt to duplicate the observation. Apparently the delicate balance 
between the combination of atmospheric conditions, the soil solution as in- 


: TABLE I 


THE FOLLOWING MATERIALS WERE FOUND WHEN THE DEPOSITS FROM 10 GRASS 
BLADES WERE DISSOLVED IN 5 CC. OF DISTILLED WATER 











CoMPOUND AMOUNT P.P.M. 

Nitrate nitrogen .................... 4 Trace 
Nitrite nitrogen Trace 
Ammonia nitrogen . ; 5 
Phosphorus o.oo ate 4 
Potassium . 40 
Caleium Trace 
pha RRR RE CAs MS a 4 
MR ee Ar Ost 0.3 
en SS TS: Aa ; Trace 
Sulphate sulphur 0. a) Traee 
Chloride ‘ESE 40 
INE so stains OT Re 4.30 





fluenced by a suitable nitrogenous fertilizer, and the condition of the plants 
favorable for the evaporation of the guttation drops are not commonly 
encountered. 


Discussion 


Plant physiologists have long recognized the natural process by which 
water is excreted by the plant—a process called guttation. Wh.son (5, 6) 
studied guttation water and listed some of the compounds which he found 
dissolved in it. He stated his conviction that these compounds came from 
within the plant by means of a normal physiological process. 

The present observation of glutamine formation in plants and its exuda- 
tion in the guttation water confirms that of GREENHILL and CHIBNALL (3), 
and indicates that this phenomenon is perhaps much more common than has 
been generally supposed. 

It is interesting to note that the plants absorbed large quantities of 
ammonia, as is evidenced by the amounts of glutamine produced (VICKERY 
et al., 4), and such large quantities of potassium and chlorides as are shown 
in table I. The fact that such small amounts of calcium and other elements 


1It was found possible to collect large samples of guttation water from grass blades 
by ‘‘mopping’’ the area with cheese cloth and wringing the cloth into a vessel. 
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were found in the dried exudate also indicates that these ions must have 
been present in low concentration in the soil solution. 

It is significant that materials absorbed or elaborated by the plant are at 
times eliminated from the plant in the guttation process. This suggests 
that perhaps one function of guttation is to eliminate materials that may be 
temporarily in excess of the requirements of the plant. This does not imply 
that these materials are responsible for guttation although they may con- 
tribute to the process. 

The general belief among botanists is that plants do not need an excre- 
tory system, comparable to that of animals, to rid themselves of unwanted 
or unnecessary products of respiration or of synthetic processes (elabora- 
tion), or indeed of an excess of substances absorbed from the soil solution 
by the roots. 

The writer contends that most plants apparently do need such a system, 
and that water absorbed by the roots is the most important material that 
the plant needs to exerete. There is no delicate balance between the imme- 
diate water requirements of the aerial portion of the plant and the amounts 
absorbed. On bright sunny days the leaves of a plant may wilt because 
transpiration exceeds absorption and at night the same leaf may lose water 
in liquid form because the supply exceeds the requirement. The function 
of guttation seems to be to regulate the turgor pressure within the plant. 
Any materials present in the guttation water, whether necessary or unneces- 
sary or even toxic to the plant, would be eliminated only because they were 
present in the vascular system at the particular time that guttation takes 
place. GREENHILL and CHIBNALL have expressed the belief that possibly 
the elaborated glutamine might even exercise some selective action on the 
permeability of the cells and thereby diffuse to the vascular system and 
eventually to the outside of the leaf. If this assumption be true, then per- 
haps toxic materials produced by bacteria and fungi in an infected plant 
might also find their way to the outside of a plant in the same manner. 

The fact that chemical compounds reach the outside of the leaf and 
remain there for varying periods of time is of some importance to those who 
work with living plants. Curtis (1, 2) has shown that exuded materials 
may injure the plant leaf directly, as these deposits did these grass blades, 
and that they may react or combine with spray and dust materials when 
applied as insecticides or fungicides to increase or decrease their effective- 
ness or to increase their injury to the host plant. 

CONNECTICUT AGRICULTURAL EXPERIMENT STATION 

NEW HAVEN, CONNECTICUT 
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EFFECT OF INTERMITTENT IRRADIATION ON 
PHOTOPERIODIC RESPONSES' 


R. B. WitTHROW AND ALICE P. WITHROW 


(WiTH FOUR FIGURES) 


Introduction 

Intermittent irradiation often has been used as a technique for evalu- 
ating the nature of the non-photochemical reactions associated with and lim- 
iting the rate of photochemical reactions. Several investigators (1, 4, 5, 6) 
have used intermittently applied radiant energy in studying photoperiodism, 
but the irradiances used have k_ n far above the point of saturation of the 
photochemical reaction and little attempt has been made to control the en- 
ergy relationships per cycle. These high irradiances and unbalanced ener- 
gies have made it difficult to interpret the results in terms of the interrela- 
tionships between the photochemical and the non-photochemical reactions. 

This report deals with several series of experiments which were started 
in the winter of 1938 with the view of determining, by the use of intermittent 
irradiation, the general interrelationships between the photochemical and 
non-photochemical reactions associated with photoperiodism. In order to 
observe quantitatively the influence of the length of the dark period in rela- 
tion to the effectiveness of the radiant energy in promoting photoperiodic 
reactions, two conditions were maintained. First, the total energy applied in 
comparable series was of constant value; and secondly, the energy for the 
most effective treatment of the series was below the region where photochem- 
ical saturation begins. These conditions were used, except in the pre- 
liminary experiments where an endeavor was being made to find where 
saturation of the photochemical reaction begins as measured by phasic 
responses. Saturation of the photochemical reaction responsible for long 
photoperiod responses may be said to have occurred at that irradiance beyond 
which further increases fail to cause comparable increases in photoperiodic 
effect, i.e. vegetativeness in short-day plants or flowering in long-day plants. 
Below the region of saturation, the photoperiodic effect is approximately pro- 
portional to the irradiance (7). To date the only measure that we have of 
the photochemical reaction is the phasic response of the apical meristem 
and, to some extent, height responses. This is an indirect and unsatisfactory 
method, but will have to serve until more is known of the photochemical 
reaction. 

General procedure 

In all of these experiments, the treatments involved a 24-hour cycle con- 
sisting of nine hours of solar irradiation supplemented with 15 hours of in- 
candescent lamp irradiation, applied continuously and intermittently, with 
varying lengths of dark period. A control short-day treatment was included 
for each series, with nine hours of solar irradiation and a 15-hour dark period. 

1 Journal Paper no. 98 of the Purdue University Agricultural Experiment Station. 


6 
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The plants were grown in a greenhouse in a subirrigated bed of gravel and 
were supplied at regular intervals with a double concentration of the Purdue 
F-modified nutrient solution (8), with the pH kept between 5.5 and 6.5. The 
supply of nutrients and water was a constant factor, regardless of rate of 
growth or irradiation treatment. 

The solar irradiation period was limited to nine hours by pulling a heavy 
rubberized curtain, black on the inside and aluminum coated on the outside, 
over the plants and radiation equipment at 4:30 p.m. and removing it at 
7:30 a.m. The bed was divided into sections, 40 by 54 inches, for the indi- 
vidual treatments. The sections were isolated from one another by opaque 
black rubberized cloth on rollers. These were mounted across the bed and 
were rolled and unrolled at the time the large curtain was pulled. Each 
section was irradiated by four tungsten-filament, internal-reflector lamps 
placed four feet above the gravel surface. The irradiance over each section 
at 10 em. above the gravel surface varied plus or minus 5 to 7 per cent. from 
the values given in the tables. , 

The lowest irradianeces were determined with a Macbeth illuminometer 
and the other values with both a Macbeth illuminometer and a Weston illumi- 
nometer. Both instruments were calibrated against a National Bureau of 
Standards standard lamp. The lamps used were of such wattage that the 
irradiance was from ten to twenty per cent. higher than the indicated value, 
except where noted. The irradiance then was reduced to the correct value 
by spotting the bulbs with a small brush dipped in a black water-paint, 
which was made up by adding distilled water to a colloidal graphite paste 
(Aquadag). It was possible readily to remove or add the paint as neces- 
sary to make the proper adjustment in irradiance. The length of the irradi- 
ation cycles was controlled by synchronous motor-driven time switches. 

In those experiments involving a constant irradiance for all of the inter- 
mittent treatments, the same wattage lamp was used for both the intermit- 
tent and continuous treatments, even though the irradiance of the intermit- 
tent treatment was 20 times that of the continuous when a five per cent. cycle 
was used. The radiant energy in the continuous treatments was reduced to 
the correct values by enclosing the lamps in metal shields. In the bottom of 
each shield was a small opening which was covered with two layers of glass, 
ground on both surfaces. Thus the color temperature was the same in all 
treatments and consequently the spectral energy distribution was the same. 
It was not practical to use the same wattage lamps for all treatments in those 
experiments in which the duration of the irradiation period for each eyele 
was held constant, while the irradiance was varied. In such experiments 
there was a small but probably insignificant variation in spectral energy 
distribution. 

Preliminary experiments 


Three preliminary experiments were conducted to determine approxi- 
mately the irradiances at which saturation of the photochemical reaction be- 
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gins in various test plants, and its general relation to the length of the dark 
period. 

In the first preliminary experiment, Nobel spinach, China aster (variety 
Heart of France), and Mukden soybean were subjected to intermittent ir- 
radiation on a 30-minute cycle, with the radiant energy applied for five per 
cent. of the cycle or 1.5 minutes per 30 minutes at 2, 20, and 200 footeandles 
(fe), resulting in 90, 900, and 9000 footeandle minutes (fem) per 15-hour 
period respectively. These were compared with continuous irradiation of 
1 and 10 fe, having relative energy values of 900 and 9000 fem for the 15- 
hour period of curtaining. 


TABLE I 


RELATIVE EFFECT OF CONTINUOUS RADIANT ENERGY AND OF INTERMITTENT RADIANT 
ENERGY APPLIED ON 30-MINUTE CYCLES 





errr cioeactahaninaerduanbeapeemnan : paneidapeaighensinaanisnnaeatt 





DAYS TO FLOWER 
TOTAL 


IRRADIATION SUPPLEMENTAL |~ “ 7 
TREATMENTS * RADIANT SPINACH, ( ‘Souuree | SoyYBEAN, 
ENEGRY NOBEL get MwvUKDEN 


| —|-—— 
days days days 


foemt 


15-hour dark period . 0 36 
2 fe 
1.5 min./30 min. ........ 90 i} 36 
20 fe 
1.5 min./30 min. 900 , 36 





200 fe 

1.5 min./30 min. 9000 
1 fe 

Continuous 900 
10 fe 


Continuous 9000 
| 





* 20 plants per treatment. 

+t Footeandle minutes. 

The night temperature was about 55° F. for the first and second pre- 
liminary experiments. China aster is temperature-sensitive in its flowering 
response, but it is a long-day plant at the temperatures used (2, 3). 

Observations were made at intervals of from one to four days for macro- 
scopic flower buds in all of these studies. The time given in the tables for 
flowering is, in most cases, that time at which over 90 per cent. of all the 
plants in the treatment had shown macroscopic flower buds. In cases where 
macroscopic buds failed to develop, micro-dissection methods were employed. 

The results given in table I indicate that 9000 fem, applied as either con- 
tinuous or intermittent radiant energy on a 30-minute cycle, was well in the 
region of saturation for the plants used. Nine hundred fem produced 
saturation for continuous irradiation, but the intermittent application of 
the same total energy indicated that the efficiency was less and that this 
value of energy was approaching saturation for spinach and Mukden soy- 
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bean. Ninety fem intermittent radiant energy was below saturation for 
spinach and soybean, although aster formed flower buds. 

On the basis of these results, a series of irradiances of intermittent 
radiant energy was used, including 2, 4, 8, 16, 32, and 64 fe on a 30-minute 
eyele, in which the irradiation period was 10 per cent. of the cycle or 3 min- 
utes. These were compared with a 0.4 fe continuous treatment which had 
the same fem value as the 4 fe intermittent treatment. The plant material 
and number of plants per treatment were Nobel spinach (22 plants), dill 
(25 plants), China aster (variety Heart of France) (10 plants), Xanthium 
(20 plants), and Biloxi soybean (20 plants). The results for flowering time 
are plotted in figure 1. Using the sequence of flower bud formation as a 




















 % 
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Fig. 1. Flowering time under the various irradiances of intermittently applied radi- 
ant energy. Broken lines indicate probable shapes of curves at low irradiances. 


measure of the photochemical reaction, it appeared that saturation had been 
reached for all of the long-day plants at 16 fe intermittent irradiation, which 
corresponds to 1.6 fe continuous or 1440 fem. The reaction for aster began 
to saturate at about 4 fe intermittent, and for spinach at 8 fe. All of the 
values of irradiance used were sufficiently high to completely inhibit flower- 
ing of both Xanthium and soybean, the two short-day plants. Similar 
saturation curves were obtained when the height data were plotted as is 
shown in figure 2. With the exception of dill, saturation in height had 
occurred for the plants at 16 fe of intermittent irradiation. Dill required 
about 32 fe for saturation. 

In the third preliminary experiment, Nobel spinach and Biloxi soybean 
were used. Radiant energy was applied so as to produce two relative energy 
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gener 





1N CM 


BILOX! SOYBEAN 





HEIGHT 


XANTHIUM 








SPINACH 








A 
32 
IRRADIANCE IN FOOTCANDLES 
Fie. 2. Height of the plants under the various irradiances of intermittently applied 
radiant energy. 





levels of 90 and 900 fem. Each of these energy levels was applied as fol- 
lows: (1) for six minutes at the end of 74 hours so that one irradiation 
period occurred in the middle of the 15-hour curtaining period; (2) for six 
minutes per hour so that 15 irradiation periods occurred per 15 hours; and 
(3) as continuous irradiation. The irradiances were adjusted as indicated 
in table IT. 

TABLE II 


EFFECT OF VARYING IRRADIANCE AND LENGTH OF DARK PERIOD ON FLOWERING OF 
NOBEL SPINACH AND BILOXI SOYBEAN 





TOTAL SUPPLE- | DAYS TO FLOWER 
MENTAL 
RADIANT SPINACH, SOYBEAN, 
ENERGY NOBEL BILOXI 





IRRADIATION TREATMENTS* 








fem days days 

15-hour dark period 0 25+ 
15 fe 

6 min./15 hr. at 74-hr. intervals 90 30t 
1 fe 

6 min./hr. at hourly intervals 90 5% at 70 days | 90% at 70 days 
0.1 fe 

Continuous 90 7 at 70 days 64% at 70 days 
150 fe 

6 min./15 hr. at 74-hr. intervals 900 45+ 
10 fe 

6 min./hr. at hourly intervals 900 
1 fe 

Continuous 900 


* 40 plants per treatment. 
+ Macroscopic buds. 
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In comparison with continuous irradiation, the results at 90 fem inter- 
mittent show that a dark period of nearly one hour results in a slight de- 
crease in the efficiency of the radiant energy in inducing flower bud initia- 
tion in spinach and delaying it in Biloxi soybean. The efficiency drops off 
very markedly with a dark period of 7$ hours. The results at 900 fem were 
similar but the differences were not as great, since 900 fem was approaching 
saturation. Figure 3 shows spinach taken from the various treatments in 
this third preliminary experiment. The spinach plants receiving one six- 
minute period of irradiation per 15 hours were strictly vegetative and similar 
in form to those given one 15-hour dark period out of each 24-hour photo- 
period cycle. 

These preliminary experiments indicate that the photoperiodic responses 
began to saturate at irradiances in the region of 2 fe, or less, for continuous 





Fig. 3. Effect of varying supplemental irradiance and length of dark period on the 
growth and flowering of Nobel spinach. 


irradiation, that intermittent radiant energy was less efficient than the same 
total energy applied continuously, and that the efficiency decreased as the 
length of the dark period was increased. 


Final experiments 


The final experimentation was confined to Nobel spinach and Biloxi soy- 
bean. In each experiment, the intermittent treatments and one continuous 
irradiation treatment involved approximately the same total relative energy 
in fem. One continuous treatment with half this energy was included in 
each experiment so as to determine approximately that length of dark period 
at which the efficiency of the radiant energy was 50 per cent. of the efficiency 
of the continuous radiant energy. 

The intermittent treatments involved the application of radiant energy 
on eycles of 3.3, 10, 30, 90, 180, and 270 minutes. The control treatment 
consisted of a 15-hour (900-minute) dark period. The intermittent radiant 
energy was applied in two ways: (1) a constant length of irradiation period 
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of 10 seconds for each cycle, with the irradiance increasing in direct propor- 
tion to the length of the cycle so that the same total relative energy was 
applied in all treatments; and (2) a constant irradiance for each treatment, 
with the length of the irradiation period increased in direct proportion to 
the length of the cycle and amounting to five per cent. of the cycle. These 
two types of cycle were included in order to make certain that the results 
secured were due to variations in the length of the intervening dark period 
and not to the method of application of the radiant energy. 


TABLE III 


FLOWERING RESPONSE OF NOBEL SPINACH TO INTERMITTENT IRRADIATION ON CONSTANT 
TIME AND CONSTANT IRRADIANCE CYCLES 








LENGTH 
OF CYCLE, 
IRRADIANCE, 
AND 
LENGTH OF 
IRRADIATION 
PERIOD* 


TOTAL 
SUPPLE- 
MENTAL 
RADIANT 
ENERGY 


LENGTH 
OF CYCLE, 
IRRADIANCE, 
AND 
LENGTH OF 
IRRADIATION 
PERIODt 





TOTAL 
SUPPLE- 
MENTAL 
RADIANT 

ENERGY 


DAYS TO 
FLOWER 





900 min. 
0 fe 
180 min. 
540 fe 
10 sec. 
90 min.” 
270 fe 
10 see. 
30 min. 
90 fe 
10 see. 
10 min. 
30 fe 

10 see. 

3.3 min. 
10 fe 
10 see. 

Continuous 
0.5 fe 

Continuous 
0.25 fe 





fom 


0 


225 





50% at 50 days 


40 


58% at 50 days 





900 min. 
0 fe 
270 min. 
10 fe 
810 sec. 

90 min. 
10 fe 
270 sec. 
30 min. 
10 fe 
90 see. 
10 min. 
10 fe 
30 sec. 
3.3 min. 
10 fe 
10 see. 
Continuous 
0.5 fe 
Continuous 
0.25 fe 


fem 


oor 
5 





| 41% at 33 days 


33 


* Irradiation period of each cycle was held constant at 10 sec. with exception of the 


control and continuous treatments. Irradiance was varied to give equal total energies per 
15-hour period of curtaining; 80 plants per treatment. 

+ Irradiance was held at 10 fe and irradiation period was 5 per cent. of the cyele, with 
exception of control and continuous treatments; 65 plants per treatment. 

In table III are given the results of two comparable experiments with 

eS 

spinach, with the total relative energy of 450 fem applied on constant time 
and on constant irradiance cycles. In the constant irradiance series, the 
total energy for the 270 minute (4.5-hour) cycle was 405 fem since it was 
possible to have only three irradiation periods during the period of curtain- 
ing. The results indicate that essentially the same relationships are obtained 
with both methods of application of radiant energy, even though the actual 
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irradiance on the constant time cycle varied as much as 54 times that of the 
constant irradiance cycles. As the length of the dark period was increased, 
the time required for flower bud appearance was increased for spinach. The 
increase was only slight as the dark period was increased up to 90 minutes, 
but it was very marked beyond 90 minutes. The efficiency in the utilization 
of the radiant energy falls off very markedly after 90 minutes. It drops to 
50 per cent. at a length of dark period between 90 and 180 minutes on the 
constant time cycle. The length of dark period for 50 per cent. efficiency 
is between 30 and 90 minutes for the constant irradiance cycle. At periods 


TABLE IV 


FLOWERING RESPONSE OF NOBEL SPINACH AND BILOXI SOYBEAN TO INTERMITTENT 
IRRADIATION ON CONSTANT IRRADIANCE CYCLES 











. rs " ‘Ly 7 7 
LENGTH OF CYCLE, iscsi asia I on eee ne aa ee 
. sa iesacrmmgpecrgtacantbed MENTAL RADIANT SoYBEAN 
LENGTH OF IRRA- . cat ‘ Seennais i wish ie 
DIATION PERIOD* or sigesg 
I II 
fem days days days 
900 min, 
0 fe 0 17 17 
270 min. 
4 fe 68% at 
810 see. 162 62 days | 43 30 
90 min. 
4 fe 53% at 
270 see. 180 39 50 days 
30 min. 
4 fe | | 
90 see. 180 31 
10 min. | 
4 fe 
30 see. 180 29 
3.3 min. 
4 fe 
10 see. 180 29 
Continuous 
0.2 fe 180 29 
Continuous 93% at 53% at | 44% at 
0.1 fe 90 | 62 days 50 days 40 days 


| 


* Irradiance was held constant at 4 fe and irradiation period was 5 per cent. of the 
eyele, with exception of control and continuous treatments; 80 plants per treatment. 
longer than 90 minutes, it was necessary to use micro-dissection methods to 
secure final flowering data as no flower stalks were formed. With these long 
periods, not only was flowering greatly delayed, but flower bud initiation 
failed to occur in a large proportion of the plants. 

In the second series of experiments, Biloxi soybean as well as spinach 
was used, and it was necessary to use lower values of total energy since, in 
Biloxi soybean, the photoperiodic mechanism is saturated at a lower irradi- 
ance than in spinach. The radiant energy was applied at a constant irra- 
diance of 4 fe, with the time of application 5 per cent. of the cycle, totalling 
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180 fem relative energy except for the 270 minute cycle, which had a total 
relative energy of 162 fem. The continuous irradiation was at 0.2 and 0.1 fe. 
The experiment was run at two different times with soybean, series I during 
the winter and series II during the spring months. 

The results are given in table IV. For spinach, they were similar to 
those obtained previously with a higher energy level and show that the length 
of the dark period for 50 per cent. efficiency is between 90 and 270 minutes. 


Fic. 4. Flowering response of Nobel spinach to intermittent irradiation on constant 
time (upper) and constant irradiance (lower) cycles. 


Upper row, left to right: Lower row, left to right: 
Short day. . Short day. 
0.25 fe continuous. 2. 0.1 fe continuous. 
540 fe, 10 sec. per 180 min. 3. 270 min. 
270 fe, 10 see. per 90 min. ’ 90 min. 
90 fe, 10 see. per 30 min. 5. 30) min. 
30 fe, 10 see. per 10 min. i. 10 min. 
10 fe, 10 see. per 34 min. : 34 min. 
0.5 fe continuous. ‘ 0.2 fe continuous. 


te COS ee 


~~ 
oo 


x 


Soybean gave similar results in that the length of the dark period for 50 per 
cent. efficiency of the radiant energy was at 90 minutes in the first experiment 
and between 90 and 270 in the second. Micro-dissection methods were used 
in obtaining final flowering data. In cycles varying from 0 (continuous 
irradiation) to 30 minutes, all of the soybean plants were strictly vegetative 
as evidenced by the lack of floral primordia at the end of the experiment. 


It should be noted that direct comparisons of data cannot be made be- 
tween the various series of the preliminary and final experiments sinee they 
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were conducted at different seasons of the year and different lots of seed were 
used during the four-year period of experimentation. 


Discussion 


The interpretation of these results with intermittently applied radiant 
energy is especially difficult because no direct method of measuring the rate 
of the photochemical reaction taking place in the leaves is available. The 
reaction was measured indirectly, in most cases by observing the responses 
of the apical meristems in terms of the time required for vegetative meri- 
stems to form flower buds. Considering that the leaf is spatially removed 
from the bud by the petiole and a length of stem, it is obvious that the method 
of measuring the photochemical reaction is very indireci and the results can- 
not be interpreted with certainty as due to factors limiting directly the rate 
of the photochemical reaction. It is quite conceivable that the limiting 
factors may be concerned with limitations in the rate of transport of the 
stimulus to the bud, to loss in stimulus as a result of secondary reactions, 
or to the incapacity of the meristem to respond to stimuli above a very low 
intensity. For reasons which will appear later, the following discussion is 
based on the assumption that the limitations are concerned primarily with 
the photochemical reaction. 

The responses secured with intermittent irradiation may be explained 
on the theory that: (1) the substance which is photoactivated is formed by 
non-photochemical reactions at a relatively slow rate; and (2) that this sub- 
stance attains a very low equilibrium concentration in darkness. The as- 
sumption that the rate of the non-photochemical reaction is slow is based 
upon the irradiance data which indicates that saturation of the long-day 
responses occurs at very low irradiances. For the plants used, the rate of 
formation of the substance to be photoactivated appears to limit the rate of 
the photochemical reaction at irradiances much above 1 fe of continuous 
irradiation, and these low irradiances appear sufficient to photoactivate the 
substance as fast as it is formed. Increases in irradiance, therefore, do not 
result in proportionate increases in photoactivation. 

Since the efficiency of the radiant energy in producing long-day reactions 
is decreased as the length of the dark period is increased, it appears that the 
products of the associated non-photochemical reactions are not cumulative 
beyond a certain low equilibrium concentration. If during a long dark 
period the substance could accumulate at an approximately constant rate in 
the leaf, the same quantity of photochemical product could conceivably be 
obtained within a few minutes at the beginning of a period of high solar 
irradiance, regardless of the length of the intervening dark period in the 
24-hour cycles used in these experiments. Since this is not so, it would 
appear that a low equilibrium concentration is reached, beyond which no 
further increase can take place. The equilibrium concentration probably 
is nearly reached in a dark period of from 90 to 180 minutes for Nobel 
spinach and Biloxi soybean. 
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This conclusion regarding a low equilibrium concentration is further 
substantiated by the fact that, to our knowledge, no pigment has been 
extracted from the leaf which has absorption bands which coincide with the 
spectral characteristics of the response. It has been shown that it is the 
longer wavelengths of the visible spectrum between 6000 and 7000 A which 
are primarily effective in causing the long-day response in long- and short- 
day plants (7,9). This implies that, unless a strong filtering action occurs, 
the photoactivated substance is a pigment having its strongest absorption 
bands in the orange-red region of the spectrum, with relatively weak bands 
elsewhere. If the equ‘librium concentration for such a pigment were rela- 
tively high, it is unlikely that it would have escaped detection. 

It is possible to explain the kinetics of photoperiodism on the basis of 
these two postulated relationships limiting the photochemical reaction. 
Under natural conditions, in the temperate zone, plants are exposed to 
periods of solar irra’ tion in which the irradiance seldom if ever drops 
below 100 fe, which is well above the bend of the saturation curve. These 
periods of irradiation are followed by a relatively long night which may be 
considered as a dark period. The relaiive duration of the periods of irradia- 
tion and darkness in a 24-hour cycle determine the flowering responses of 
many plants. If the photochemical reaction were not limited by the slow 
rate of formation of the substance to be photoactivated, a large photochemi- 
cal product would be formed during a relatively short period of high irradia- 
tion, even if the day were very short. On the other hand, if the equilibrium 
concentration were high, the non-photochemical product could aceumulate 
to relatively high values during a long dark period and such accumulation 
would allow a high rate of photochemical reaction during the initial period 
of irradiation, which would more than compensate for a slow rate of the 
non-photochemical reaction. It is obvious, then, that a relatively large 
photochemical product could be formed if either of these limiting factors 
were not operative. On the basis of this type of reasoning, without either of 
these two limiting factors, photoperiodism could not exist. 

While the auth -s fully realize that this theoretical discussion is based 


upon many unverified assumptions, it offers a relatively simple explanation 
of the kineties of photoperiodism and may serve as a basis for further 
experimentation. 


Summary 

Several series of experiments are described in which intermittent irradia- 
tion was used to determine the interrelationships between the photochemical 
and non-photochemical reactions associated with photoperiodism. The test 
plants used in the preliminary experiments were Nobel spinach, China aster, 
dill, Xanthium, Mukden soybean, and Biloxi soybean. In the final experi- 
mentation, Nobel spinach and Biloxi soybean were used. The intermittent 
irradiation was used in all cases to supplement nine hours of solar radiant 
energy. In all the investigations except the irradiance series, the total sup- 
plemental radiant energy employed in any comparable series was of a con- 
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stant value and, in the final series, the energy employed for the most effective 
treatment of the series was slightly below the value at which photochemical 
saturation began. Two types of final experiments are described: (1) those 
involving constant values of irradiance, the length of time of application 
varying directly with the length of the intervening dark period; and (2) 
those involving a constant length of time of supplemental irradiation, with 
the irradiance varying directly with the length of the intervening dark 
period. 

The results show that: (1) the region of saturation of the photochemical 
reaction for most of the plants used is in the neighborhood of one footeandle, 
since further increases in irradiance failed to bring about corresponding in- 
ereases in the photoperiodic responses ; and (2) the greater the length of the 
dark period between irradiation cycles, the less the efficiency of the radiant 
energy in promoting the long-photoperiod responses, with the efficiency 
falling off rapidly when the dark periods were around 90 minutes or longer 
for spinach and Biloxi soybean. In all cases, continuous irradiation re- 
sulted in the highest efficiency. 

From these results, a theory has been postulated concerning the kineties 
of the photoperiodic reaction based on two relationships which appear 
to limit the photochemical reaction ; namely, (1) the relatively slow rate of 
the non-photochemical reaction which forms the substance to be photoacti- 
vated ; and (2) the relatively low equilibrium concentration which this sub- 
stance attains during long periods of darkness. 


PuRDUE UNIVERSITY 
West LAFAYETTE, INDIANA 
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ELECTRODIALYSIS OF SEEDS 


JoHN D. NELLY 
(WITH TWO FIGURES) 


Introduction 


The study herein reported was undertaken with the purpose of learning 
something of the effects of electrolysis on a living organism. When elec- 
trolysis takes place in living tissues in the presence of membranes the process 
can more properly be called electrodialysis. The earliest work on the 
electrodialysis of plant material was that of LisBoNNE and VuLQuin (3, 4) 
in which they reported the inactivation of malt amylase after electrodialysis 
at 110 volts d.c. under sterile conditions for periods of five to twelve days. 
Treatment of this inactivated amylase with such salts as NaH.PO,, 
Na.HPO,, and KNO, partially restored its hydrolyzing power. Before the 
work of LISBONNE and VULQUIN it was thought that animal and plant 
amylases were essentially different because animal amylases could be inacti- 
vated by simple dialysis while plant amylases did not lose their hydrolytic 
power when subjected to the same process. The essential difference lay in 
the fact that plant amylases needed something more powerful than ordinary 
dialysis to free them of their electrolytes. 

The conventional type of electrodialysis cell consists of a cell divided 
into three compartments by means of two differentially permeable mem- 
branes. Electrodes are placed in the end compartments and the suspension 
to be electrodialyzed is placed in the middle compartment. Electrolytes 
which can pass through the membrane pass out into the end chambers under 
the influence of the electrical potentia!. Ions with positive charges on them 
go to the cathode chamber while negative ions pass into the anode chamber. 
A colloidal suspension may be purified in this manner by the process of 
losing electrolytes to the anode and cathode compartments of the electro- 
dialysis cell while the colloidal material remains in the middle chamber. 
This method may be used to free gelatin of most of its inorganic matter 
and to remove adsorbed bases from clay. In the case of living tissues such 
structures as cell membranes and seed coats determine which electrolytes 
shall pass through them. 

Diastase from pancreatic juice of the cow was electrolyzed by MAiGNon 
(6) in a 16-mm. U-tube at 110 volts d.c. for as long as six days. Prolonged 
dialysis resulted in a loss of diastatic activity, which Maranon attributed 
to dissociation of organo-mineral groupings in the diastase and not to the 
formation of such substances as hypochloric or persulphuric acids at the 
electrodes. Moore, REEVEs, and Hrxon (10) used electrodialysis in a study 
of Jonathan spot of apples. They claimed that the dialysate of apple parings 
with Jonathan spot was higher in basic than acidic constituents, while that 
from normal apple parings showed equivalent amounts of acid and base. A 
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study of the effects of electrodialysis has been published by Muuuison (11), 
in which he reported loss of ash constituents from the seeds, decreased 
germination, and stunted growth of plants from electrodialyzed Alaska pea 
seeds. Electrodialysis was employed by Maxstmow (7) on legume seeds, 
grain seeds, oil seeds, and tobacco. He showed that partial demineralization 
reduced the germination of legume and oil seeds but not of grain seeds. 
Serrriz (13) has demonstrated the breakdown of plant tissue under the 
influence of an electric current. He placed the tissue under consideration 
in a dish partially filled with 0.1 N sodium chloride solution, inserted a 
platinum electrode into the tissue, and had the other platinum electrode in 
the surrounding sodium chloride solution. Through this he allowed a 110-volt 
direct current to pass for 18-24 hours. When the cathode was in the tissue 
a very marked breakdown of the tissue occurred along with a great increase 
in pH in the vicinity of the electrode. When the anode was in the tissue, 
breakdown was slight and the pH was not lowered to any great extent. 
SEirriz attributed breakdown at the cathode to autolysis favored by reduc- 
ing conditions. After autolysis oxidation would be favored by the highly 
alkaline condition of the cathode. 


Materials and methods 


Electrodialysis was carried out in a Mattson electrodialysis cell, using 
parchment paper membranes, a copper grid cathode, and a carbon anode. A 
direct current of 80 to 150 volts was supplied by either a rectifier or a direct 
current line. The rectifier was equipped with a rheostat for regulating 
voltage, while the voltage from the direct current line was controlled by 
means of a resistance coil arranged in a circuit as a potentiometer. Tem- 
perature of the cell was controlled by running water through glass coils 
placed in the end chambers. Although no attempt was made at rigid control 
of the temperature, this cooling system kept the temperature of the cell near 
24° C. Before being placed in the cell the seeds were given a preliminary 
soaking for either five or six hours in enough distilled water to allow maxi- 
mum swelling for that length of time. During electrodialysis the seeds 
were suspended in a cheesecloth bag in the middle chamber of the cell. 
After the cell was filled with distilled water and the seeds placed in posi- 
tion a steady potential was maintained until the current increased to 450 
milliamperes. When the current approached this value, it was turned off 
and the liquid in the end chambers was replaced with distilled water. 

Subsequent to treatment seeds were placed in flannel roll type seed 
testers and kept at 20° C. for germination. Germination counts were made 
at the end of either three or five days. 

Carbon dioxide production of germinating seeds was determined by 
absorption in barium hydroxide in Pettenkoffer tubes. 

For mineral analyses the seeds were ashed whole in large crucibles in a 
muffle furnace at temperatures between 500° and 550° C. Seeds which had 
been electrolyzed for periods of an hour or longer were extremely hard to 
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ash and had to be treated with nitric and hydrochloric acids to induce ash- 
ing. Apparently the ashing process is catalyzed by the presence of some 
substance or substances lost during the electrodialysis process. After dis- 
solving the ash in hydrochloric acid it was used in the determination of 
magnesium, calcium, and potassium. Calcium was determined volumetri- 
eally by precipitating as the oxalate and titrating with standard potassinm 
permanganate. For magnesium the gravimetric method of weighing mag- 
nesium pyrophosphate was employed. The perchloric acid method was used 
in the determination of potassium (14). Before the potassium determina- 
tions were made, such interfering substances as aluminum, calcium, phos- 
phates, and sulphates were removed by the method described by Scorr (12). 

Ascorbie acid was determined in the germinating seeds by the titration 
method, using the dye 2,6 dichlorophenolindophenol. Extracts from the 
seeds were made by triturating them with ignited acid-washed sand in a 
solution of 3 per cent. trichloracetic and 2 per cent. metaphosphorie acid. 
This method of determining ascorbic acid is outlined in full by Macuinn and 
Feuuers (5). Standardization of the dye was carried out by the method of 
MENAKER and GUERRANT (9), using sodium thiosulphate. 


Results 
ELECTRODIALYSIS AND GERMINATION 


One of the most striking effects of electrodialysis on seeds is the inhibi- 
tion of germination. Seeds were soaked in distilled water before being 
placed in the electrodialysis cell. The Laxton’s Progress pea seeds were given 
a preliminary soaking of five hours, while the Alaska peas and red kidney 
bean seeds were given a preliminary soaking of six hours. After the period 
of treatment, both control and test seeds were placed in flannel roll type 
seed testers soaked in tap water and were kept at 20° C. for germination. 
The effects of electrodialysis on the germination of pea and red kidney bean 
seeds are summarized in tables I to IV. 

Seeds which failed to germinate, whether electrodialyzed or control 
seeds, were always infected with bacteria and sometimes with fungi. Con- 


TABLE I 


EFFECT OF ELECTRODIALYSIS AT 150 VOLTS ON THE GERMINATION OF LAXTON’S 
PROGRESS PEA SEEDS 




















CONTROL ELECTRODIALYSIS 
PERIOD OF - — a - 
TREATMENT NUMBER OF PERCENTAGE OF NUMBER OF PERCENTAGE OF 
SEEDS USED GERMINATION SEEDS USED GERMINATION 
min. % % 
15 80 90 80 59 
30 223 | 81 224 26 
60 223 83 224 18 
90 203 93 200 7 
120 21 | 86 20 0 


180 140 85 140 2 
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TABLE II 


EFFECT OF ELECTRODIALYSIS AT 110 VOLTS ON THE GERMINATION 
or ALASKA PEA SEEDS 








PERCENTAGE OF GERMINATION 
SAMPLE 1 HOUR 2 HOURS 3 HOURS 
NUMBER —— - | —--~ -------— 








ELECTRO- Cowrnot ELECTRO- Courant. ELECTRO- 


., TRO 
Com - DIALYSIS DIALYSIS DIALYSIS 








To To To % 
62 83 51 27 
66 90 47 32 
50 84 16 29 


RR oe se a 


Number of 
seeds used 330 330 330 330 


| 

















TABLE III 


EFFECT OF ELECTRODIALYSIS AT 80 VOLTS ON THE GERMINATION 
or ALASKA PEA SEEDS 





PERCENTAGE OF GERMINATION 





SAMPLE 
NUMBER ——_____—— ——t 
ELECTRO- 
DIALYSIS 


2 HOURS 3 HOURS 


ELECTRO- | ELEcTRO- 


CONTROL | CONTROL CONTROL 
| 


% % %o 
39 83 
78 47 86 
} 51 90 


DIALYSIS | DIALYSIS 





Number of 
seeds used 330 330 











TABLE IV 
EFFECT OF ELECTRODIALYSIS AT 80 VOLTS ON THE GERMINATION 
OF RED KIDNEY BEAN SEEDS 








PERCENTAGE OF GERMINATION 


2 HOURS 


SAMPLE 1 HOUR 

NUMBER PTR a tae 

. | SLECTRO- : ILEC i 

CONTROL manors =6 | 6 Contac, | |=SeacEe 

DIALYSIS | | DIALYSIS 
| 


| 
| Cc 7 

| € % 
26 1 
25 


oO 
3 

8 

37 4 
20 G 
6 


9° 


6 


Number of 
seeds used 3: 330 
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trol lots never had fungi growing on the sprouted seeds. Presence of fungi 
on sprouted electrodialyzed seeds was somewhat common. Thus it can be 
seen that some change which takes place during electrodialysis makes the 
seed a better growth medium for fungi. 


EFFECTS OF ELECTRODIALYSIS ON CARBON DIOXIDE PRODUCTION 


Because of the fact that electrodialysis had such a marked effect on ger- 
mination it was decided that a study should be made to learn whether or 
not this reduced germination was accompanied with a change in respiratory 
activity. For these determinations weighed samples of about sixty seeds 
of Laxton’s Progress pea were used. Each lot of seeds was soaked for five 
hours in 100 ml. of distilled water at room temperature before it was 
placed in the electrodialysis cell. When the sample to be electrodialyzed was 
placed in the cell the water in which the control sample had been soaking was 
poured off and fresh water added to the beaker containing the control seeds. 

For this part of the work the seeds were electrodialyzed at 150 volts. 
At the end of the dialysis period the seeds were placed in the respiration 
apparatus in order to determine their rates of carbon dioxide production. 
The time during which the seeds were left in the carbon dioxide apparatus 
was usually about one and one-quarter hours. Production rate of carbon 
dioxide is expressed in milligrams per hour per gram of seed. The weight 
basis for this expression is the air dry weight of the seeds at the beginning 
of the experiment. After the initial carbon dioxide determination the seeds 
were placed in flannel rolls moistened in tap water and kept at 20° C. The 
seeds were removed from the rolls long enough each following day to deter- 
mine their rates of carbon dioxide production. 

Seeds which are treated by the electrodialysis process are especially 
susceptible to attack by microorganisms. It is conceivable that these micro- 
organisms might greatly alter the carbon dioxide production. At the end of 
24 hours there was no evidence of infection, but it could be noticed on the 
second day after electrodialysis. In order to discourage growth of the in- 
fecting organisms, both treated and control seeds were soaked 3 minutes in 
a 0.25 per cent. sodium hypochlorite solution and rinsed in tap water before 
being placed in the respiration chambers on the second and following days. 
By this treatment the seeds were kept in a sound condition; otherwise, they 
would have been disintegrated at the end of a few days. 

Rates of carbon dioxide production for the variously treated seeds are 
indicated in table V. The means of the results presented in table V are 
plotted in figure 1. A marked difference in carbon dioxide production of 
electrodialyzed and control seeds is seen. Together with this lesser carbon 
dioxide production is found a marked decrease in the germinating per- 
centage of the seeds. Germination, however, is not directly proportional 
to carbon dioxide production of the seeds. For instance, the seeds electro- 
dialyzed 30 minutes have about thirteen times the germination percentage 
of seeds treated for 180 minutes, while the carbon dioxide production of the 
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former never becomes much more than twice that of the latter. It seems 

that seeds lose their ability to germinate but can not be killed because they 

still retain their respiration in part. Both the 90-minute and the 180-minute 

control lots of seeds exhibit much higher initial rates of respiration than 

did the 30-minute and 60-minute controls. This may possibly be explained 

by the fact that they were in water for longer periods than the other controls 
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Fic. 1. Graphical representation of effects of electrodialysis on carbon dioxide 
production of pea seeds. Curves were plotted from means of results presented in 
table V. 


and that increased moisture content may account for the higher respiratory 
rate. It is known that respiration in seeds increases with an increase in 
moisture content. 


AMOUNTS OF ACID AND ALKALI REMOVED IN ELECTRODIALYSIS 


In Marttson’s work (8) with the electrodialysis of soils and in the work 
of Moore, Reeves, and Hixon (10) on the electrodialysis of apple parings, 
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TABLE V 


RATES OF CARBON DIOXIDE PRODUCTION IMMEDIATELY AFTER AND AT ONE- TO FIVE-DAY 
INTERVALS AFTER ELECTRODIALYSIS. SEEDS WERE ELECTRODIALYZED FOR PERIODS OF 30, 60, 
90, AND 180 MINUTES. BOTH CONTROL AND ELECTRODIALYZED SAMPLES WERE RUN IN DUPLI- 
CATE OR TRIPLICATE. DETERMINATIONS WERE MADE AT 20° C. 
































Ma. CO, PER GM. OF SEED PER HOUR 
TIME 30 MINUTES | 60 MINUTES 90 MINUTES 180 MINUTES 
PERIODS : ei ae Se Brg a 
Con- ELEC- | con. | ELEc- Con- ELEC- Cuar- ELEc- 
wanes, TRODI- vro, | THODI- pot TRODI- at TRODI- 
ALYSIS | | ALYSIS ALYSIS ALYSIS 
a —— = % | - 7 — SS eee 
Beginning ..| 0.47 0.37 | 0.47 | 0.33 0.74 0.40 0.96 0.35 
0.47 0.34 0.49 | 0.28 0.74 0.35 | 0.93 0.35 
0.44 0.32 0.54 | 0.33 0.69 See | ae Pee 
Ist day .. 0.59 0.49 0.55 | 0.40 0.54 0.33 | 0.65 0.27 
0.60 0.50 0.56 | 0.36 0.60 0.32 | 0.64 0.24 
0.54 0.44 0.64 | 0.43 0.57 0.32 a 
2nd day .... | 0.71 0.51 0.63 | 047 | 1.65 0.34 | 0.64 0.26 
0.65 0.51 0.65 | 0.48 | v.63 0.36 | 0.62 0.23 
0.66 0.55 0.69 0.52 | 0.65 0.38 | feihs 
3rd day ........ 0.68 0.47 0.64 0.48 | 0.75 0.32 0.68 0.25 
0.70 0.52 0.78 | 052 | 0.59 0.31 | 0.62 0.24 
0.70 0.61 | | 0.67 RN Pee eee Sma 
4th day .....| 0.71 0.47 | 0.68 0.43 | 0.72 0.31 | 0.70 0.26 
0.65 0.51 | 0.71 0.45 0.67 0.33 | 0.65 0.29 
0.69 0.54 0.69 0.37 ae 
5th day ; 0.66 0.43 | 0.73 | 0.42 0.77 0.34 | 0.66 0.30 
0.70 0.45 0.70 0.38 0.74 0.34 0.62 0.29 
0.65 0.56 0.73 | 035 | 2 











it was noticed that the amount of alkali removed from the soil or diseased 
parings exceeded the amount of acid removed from them. Because of these 
findings it was decided to measure the amounts of acid and alkali removed 
from pea seeds and red kidney bean seeds. 

One hundred and ten Alaska pea seeds were soaked for 6 hours in dis- 
tilled water and then placed in the electrodialysis cell at 80 volts. At the 


TABLE VI 
ACID AND BASE EQUIVALENTS OF CATHODE AND ANODE SOLUTIONS FROM THE 
ELECTRODIALYSIS AT 80 VOLTS OF 110 ALASKA PEA SEEDS 








ML. 0.1 N HCl Mt. 0.1 N NaOH 

INTERVAL cos oe TO NEUTRALIZE TO NEUTRALIZE 

, CATHODE FLUID ANODE FLUID 
ml, ml. 
0-40 minutes 1 5.95 1.44 
2 5.70 1.23 
3 3.46 1.10 
40-80 minutes 1 2.91 1.05 
2 3.48 0.99 
3 3.02 1.05 
80-120 minutes 1 2.38 1.05 
2 3.02 1.16 
3 2.92 1.05 
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TABLE VII 


ACID AND BASE EQUIVALENTS OF CATHODE AND ANODE SOLUTIONS FROM THE 
ELECTRODIALYSIS AT 80 VOLTS OF 55 RED KIDNEY BEANS 








a — > = omens Se 
ML. 0.1 N HC Mi. 0.1 NN 
; SAMPLE . 5 x ne : all — 
INTERVAL NUMBER TO NEUTRALIZE | TO NEUTRALIZE 
. CATHODE FLUID ANODE FLUID 


ml. ml, 


4.80 | 1.11 
5.13 0.95 
3.46 0.83 
4.95 1.00 
5.95 1.03 
4.72 | 1.11 
4.96 1.28 
6.05 | 1.33 
4.48 | 1.39 


0-40 minutes 


40-80 minutes 


bom whe 


80-120 minutes 


be 


Gs 








end of 40, 80, and 120 minutes the liquids in the end chambers were drawn 
off, boiled, and titrated with standard sodium hydroxide or hydrochloric 
acid in order to determine the acid and base equivalents of materials re- 
moved from the seeds. The amounts of acid and base removed from Alaska 
pea seeds are indicated in table VI. 

Red kidney beans were electrodialyzed at 80 volts in groups of 55 after 
being given a 6-hour soaking in distilled water. The amounts of acid and 
alkali removed from the kidney beans are shown in table VII. 


TABLE VIII 


ACID AND BASE EQUIVALENTS OF CATHODE AND ANODE SOLUTIONS FROM THE ELECTRO- 
DIALYSIS AT 80 VOLTS OF 100 LAXTON’S PROGRESS PEA SEEDS 


ML. 0.1 N HCl Mt. 0.1 N NaOH 
INTERVAL TO NEUTRALIZE TO NEUTRALIZE 
CATHODE FLUID 


ml. ml. 
8.00 1.83 
14.65 3.33 
19.10 4.50 
12.30 3.08 
10.03 1.94 
12.50 3.00 
16.05 .00 
17.83 90 
17. 88 
16. 3.66 
14.7 3.90 
15.7: .00 
.60 
5.43 
mF 


minutes 


ti whore 
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tom Cte 
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] 30 


120-160 minute 8.96 66 
> 
160-200 minut : 5.7: 3.66 


o.00 
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Results similar to those obtained with Alaska pea and red kidney bean 
were obtained with Laxton’s Progress pea seeds. These seeds were soaked 
in lots of 100 for 6 hours and electrodialyzed at 80 volts. Acid and base 
equivalents of the liquids in the end chambers of the electrodialysis cell 
after varying periods of treatment are shown in table VIII. 

From the tables it can be seen that the bases of the cathode chamber 
are much more than equivalent to the acids of the anode chamber. 
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Fig. 2. Pereentage of Ca, Mg, and K in seeds after the 5-hour preliminary soaking 
and after electrodialysis periods varying from 15 minutes to 3 hours. 


Loss OF MINERALS 


A study was made of the loss of minerals from seeds during electro- 
dialysis. The seeds used for this part of the work were Laxton’s Progress 
pea seeds. A potential of 150 volts was maintained across the electrodes of 
the electrodialysis cell. When the current reached 450 milliamperes it was 
stopped long enough to permit changing of the water in the end chambers 
of the cell. Seeds were given a 5-hour soaking in distilled water before being 
placed in the eell. Control lots were given a change of distilled water at the 
end of the preliminary 5-hour period and were allowed to remain in the 
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beaker of water as long as the corresponding lot of seeds was in the electro- 
dialysis cell. 

At the end of the electrodialysis period both control and treated seeds 
were placed in a 100° C. oven and dried to be kept for analysis. Methods of 
analysis have been mentioned earlier. 

The calcium, magnesium, and potassium contents of the seeds after dif- 
ferent treatments are tabulated in table IX. These elements were deter- 
mined by analysis of the ash from the seeds. The fact that these elements 
could be removed from the seeds indicates that they must occur in the ionic 
form in the soaked pea seed. Magnesium and calcium were not lost to any 
appreciable extent by diffusion from the control lots of seeds; potassium 
diffused out in somewhat greater quantities. Each of these elements was 
removed in much greater quantities by electrodialysis. Calcium, mag- 
nesium, and potassium contents of the seeds after different treatments are 
shown in figure 2. 

TABLE IX 


COMPOSITION OF PEA SEEDS AFTER HAVING BEEN SUBJECTED TO DIFFERENT TIMES OF 
ELECTRODIALYSIS. THE AIR DRY WEIGHT OF THE SEED AT THE BEGINNING OF 
THE EXPERIMENT IS USED AS THE BASIS FOR PERCENTAGE CALCULATIONS 








PERCENTAGE PERCENTAGE PERCENTAGE SO, 
Ca MG K PRESENT 


TREATMENT 


% %o % 
None 0.091 0.140 Yes 
Soaked 5 hours 0.083 Yes 
Control 15 minutes 0.083 Yes 
Electrodialysis 15 minutes 0.085 Yes 
Control 1 hour 0.091 0.140 1.11 Yes 
Electrodialysis 1 hour 0.073 0.130 0.712 Yes 
Control 2 hours 0.085 0.140 1.13 | ie 
Eleetrodialysis 2 hours 0.067 0.115 0.545 No 
Control 3 hours | 0.087 1.04 Yes 
Electrodialysis 3 hours 0.060 0.095 0.413 No 





Either the sulphate of the seeds or the fraction of the seeds which goes 
to form sulphate on ashing was lost in two or more hours of electrodialysis. 
Sulphate was not determined quantitatively but its presence was tested for 
by the use of barium chloride. 


ASCORBIC ACID IN THE GERMINATING SEEDS 


Ascorbic acid in germinating Alaska pea seeds was determined on the 
second, third, and fourth days after treatment. These seeds were electro- 
dialyzed for two hours at 80 volts. After treatment, the seeds were kept in 
flannel rolls moistened with tap water until the time for determination of 
the ascorbie acid. Amounts of ascorbic acid in the seeds after different 
lengths of time are shown in table X. 

From the results of the analyses presented in table X it can be seen 
that electrodialysis is followed by low ascorbic acid content of germinating 
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pea seeds during the early stages of germination. On the fourth day after 
treatment the ascorbic acid content of the electrodialyzed seeds is almost 
as high as that of the control lots. This appears significant when it is con- 
sidered that the control lots have a germination of 90 per cent. while the 
electrodialyzed seeds have about 35 per cent. germination. 


TABLE X 


ASCORBIC ACID CONTENT OF ALASKA PEA SEEDS AFTER ELECTRODIALYSIS 
FOR TWO HOURS AT 80 VOLTS 























MG. ASCORBIC ACID PER GRAM OF TISSUE 
ee ee. oe hl” 
NUMBER a ee eae NEN SS SS Sa 8 
} Commer ELECTRO” | CowrRoL | mae | conven, | Se 
1 0.18 0.08 | 0.25 | 0.10 0.32 0.26 
2 os. | ees |: lope |. lO 0.27 0.22 
Discussion 


The most obvious result of electrodialysis on the seeds used in this work 
was the reduction of the percentage of germination. By reference to tables 
II and III it will be noticed that electrodialysis of Alaska pea seeds at 80 
volts has a more pronounced effect on their germination than has electro- 
dialysis at 110 volts. No explanation can be offered for this reaction to the 
electrodialytic process. As electrodialysis takes place at greater rates with 
increases in voltage, it would appear that the effect on germination must be 
caused in part by something other than removal of electrolytes from the 
seeds. It is also difficult to see any close relationship between the removal 
of calcium, magnesium, and potassium and the percentage germination in 
the Laxton’s Progress pea seeds. Loss of germination is very marked before 
any great amounts of calcium, magnesium, or potassium are removed from 
the seeds. 

Respiration of Laxton’s Progress pea seeds, as measured by their pro- 
duction of carbon dioxide, is greatly affected by electrodialysis at 150 volts. 
As mentioned before, lowering of carbon dioxide production does not occur 
to the same extent as germination is lowered for any group of seeds. Respi- 
ration seems to bear out the same relation to removal of minerals as does 
germination to removal of minerals. Carbon dioxide production falls off to 
a great extent before any appreciable loss of magnesium or calcium takes 
place. Potassium, however, is lost early in the electrodialysis process and 
may possibly be associated with decrease in respiratory activity. Although 
carbon dioxide production is less following electrodialysis, it is interesting to 
note that seeds which fail to germinate because of the treatment still give off 
carbon dioxide. 

Calcium, magnesium, and potassium are all lost to varying extents from 
Laxton’s Progress pea seeds during the course of electrodialysis. Although 
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some potassium was lost from the control lots of these seeds while soaking 
in distilled water, no appreciable amounts of calcium and magnesium were 
lost from the control lots. The difficulty found in the ashing of seeds electro- 
dialyzed for an hour or more may have been caused by a lesser amount of 
mineral matter in the seeds. A phenomenon similar to this is encountered 
in the study of burning qualities of tobacco. HAtry and OLson (2) suggest 
that good combustion of cigar-leaf tobacco is associated with potassium com- 
pounds which give rise to potassium carbonate during burning, and that the 
presence of such compounds may serve to intensify the catalytic effects of 
iron in this process. It has also been reported by HALEy, NAsset, and OLSON 
(1) that in practically all cases there is a parallelism between the burning 
qualities of tobacco and the water-soluble alkalinity of the ash. 

It is demonstrated that a greater quantity of base than acid is removed 
from the seeds during electrodialysis. This is shown by the amount of aeid 
necessary to neutralize the cathode chamber, being much more than equiva- 
lent to the amount of alkali necessary to neutralize the anode chamber after 
dialysis. Possibly this may give some indication of the state of cations in 
protoplasm. From this it would appear that the cations are either adsorbed 
on surfaces or are in combination with anions which cannot penetrate the 
membranes through which they would have to pass in order to reach the 
anode chamber. When adsorbed cations are removed from soils by electro- 
dialysis, they are replaced by hydrogen ions from the water in which electro- 
dialysis takes place. It is very probable that a similar reaction takes place 
in seeds which lose cations through electrodialysis. 

The effect of electrodialysis on the ascorbic acid content of Alaska pea 
seeds electrodialyzed for two hours at 80 volts is very marked. During the 
early stages of germination this treatment was followed by very low 
amounts of ascorbic acid in the seeds. By the end of the fourth day after 
treatment, however, the electrodialyzed seeds contained almost as much 
ascorbic acid as the control lots. This seems significant in view of the 
fact that germination in the treated seeds was much lower than in the 
control lots. 

Summary 

1. Germination of Laxton’s Progress and Alaska pea seeds, and red 
kidney beans was markedly decreased by electrodialysis of the seeds. 

2. Longer periods of electrodialysis were accompanied with lesser per- 
centages of germination. 

3. Production of carbon dioxide was studied in Laxton’s Progress pea 
seeds after they had been electrodialyzed, and it was found that this treat- 
ment had a great inhibiting effect on subsequent carbon dioxide production. 

4. Calcium, magnesium, and potassium were all lost at a much greater 
rate from electrodialyzed Laxton’s Progress pea seeds than from control lots. 

5. Cations removed from all the lots of seeds studied were more than 


equivalent to the removed anions. 
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6. In the ash of Laxton’s Progress pea seeds electrodialyzed two hours 
or more at 150 volts there was no sulphate ion present. 

7. Electrodialysis of Alaska peas for two hours at 80 volts was followed 
by a very low ascorbic acid content during the early stages of germination. 
By the end of the fourth day the electrodialyzed seeds contained nearly as 
much ascorbic acid as the controls. 


This work was done partly in the Department of Horticulture of the 
Pennsylvania State College, and the remainder in the Department of Botany 
of the University of Chicago. The writer wishes to express his thanks to 
Dr. C. A. SHuuu, Dr. W. B. Mack, and Dr. E. C. DuNKLE for help rendered 
during the course of the work. Dr. CHartes L. HAMNER did the major 
portion of the work in the ascorbic acid determinations. 
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EFFECTS OF OXYGEN TENSION ON CERTAIN PHYSIO- 
LOGICAU RESPONSES OF RICE, BARLEY, 
AND TOMATO 


J. VLAMIS AND A. R. DAVIS 
(WITH NINE FIGURES) 


The relation of oxygen pressure to some metabolic processes of plants 
has been examined in recent experimental work with particular reference 
to the energy requirements of active cells. The reactions studied under the 
most carefully controlled conditions are accumulation of salt and respira- 
tion by excised roots and storage organs. This is particularly true of the 
work by HoaGguanp and his associates at the University of California, and 
STEwarp at the University of London. 

Other investigations have been concerned with the response of entire 
plants to oxygen deficiency in the roots. Earlier studies compared plants 
grown in submerged soils with those grown in well-drained soils. It is evi- 
dent that the control over such experiments is complicated by the influence 
of several variables such as carbon dioxide pressure, accumulation of 
anaerobic products, and the intervention of microbiological activity. 
Greater control has been possible when water cultures have been employed, 
exposing the root systems to continuous streams of air or relatively pure 
nitrogen. The influence of oxygen supply on tomato, buckwheat, barley, 
lupine, and other plants has been studied in this way. 

The oxygen relations of the rice plant present a particularly interesting 
and important problem since as a crop it is grown under conditions (appar- 
ently anaerobic) which inhibit the growth of many field plants. This 
ability of rice to thrive in submerged soil has been observed and confirmed 
by some research workers and denied by others. <A rather large number of 
diverse experiments on a qualitative scale has left suspended a final estima- 
tion of the capacity of rice, real or apparent, to grow in an anaerobic root 
environment. 

This investigation has proceeded in several directions with the hope of 
providing additional information on the above problem. The response of 
rice roots to different oxygen tensions has been studied, especially with 
respect to respiration and mineral absorption. Barley and tomato were 
employed as comparison plants ; the former because of its non-critical oxygen 
requirement, and the latter on account of its high need for this element. As 
shown generally in many greenhouse experiments, barley may be considered 
as occupying an intermediate position between rice and tomato in this 
respect. 

These experiments are presented in three parts. The first concerns the 
salt accumulation and respiration of excised roots under different oxygen 
pressures, and the accumulation of salt by roots of entire plants under 
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aerobic and anaerobic root exposure. The second covers the growth and 
salt accumulation by entire plants in drained and submerged soil. The 
third part deals with the growth and salt accumulation by plants in culture 
solutions exposed to streaming air, nitrogen, carbon dioxide, and methane. 


Methods and results 
ACCUMULATION OF SALT AND RESPIRATION BY EXCISED AN! INTACT ROOTS 


ACCUMULATION OF SALT BY EXCISED ROOTS.—The use of salt accumulation 
and respiration as an index of metabolic response to oxygen pressure was 
employed by Stewarp (18) using potato dises under controlled conditions. 
He found a great inerease in the accumulation of bromide and in respiration, 
measured by carbon dioxide production, as the oxygen content was raised 
from low partial pressures up to twenty per cent. Above this value and up 
to pure oxygen there was little increase in salt accumulation or respiration. 
In subsequent work Stewarp and his coworkers (19) obtained the same type 
of curve for carrot and artichoke storage tissue. On the other hand, excised 
potato roots showed a critical value in oxygen limitation at ten per cent. 
This is approximately the curve described by Hoacuanp and Broygr (13) 
on excised barley roots for bromide, potassium, and nitrate accumulation, 
sugar loss, and carbon dioxide production. 

Before proceeding to a comparison of the behavior of excised rice, barley, 
and tomato roots under different oxygen pressures, several preliminary 
experiments were conducted on barley roots to clarify some interesting 
questions raised by previous workers. HoAGLANp and Broyer showed the 
importance of the salt and sugar content of tissues involved in salt aecumu- 
lation over short time intervals. The tissues used in their oxygen-variable 
experiment were of the low salt-high sugar type. 

The influence of salt status on the response of excised barley roots to 
various oxygen pressures was first examined. The technique with minor 
elaborations is that described elsewhere (13). Seeds were germinated on 
wire screens between cheese-cloth and after a week placed in paraffined 
eorks. Twenty-four such corks were placed in 4-liter enamel pans contain- 
ing HoaGLAND’s solution. The high-salt plants received full strength 
HOAGLAND’s solution every five days, the low-salt plants were given one- 
quarter concentration of this solution every two weeks. 

After four weeks the roots were excised and placed in 2-liter jars con- 
taining 0.005 M KBr for twenty-four hours; each jar was aerated with a 
different mixture of oxygen and nitrogen ranging from 0.2 to 100 per cent. 
oxygen. At the end of the absorption period the roots were centrifuged, 
frozen at 0° F., then thawed and the sap expressed for analysis. The 
determination of oxygen in the gas mixtures was by the WINKLER method 
(21) for the range i to 100 per cent., and by a colorimetric method (9) based 
on oxidation of metallic copper to blue cupric ion, for the range 0.02 to 2 
per cent. 
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Analysis of the expressed sap of low-salt and high-salt roots showed that 
salt status affected the absolute level of bromide accumulation without in- 
fluencing the shape of the curve. That is, the inflection of the curve for both 
types of roots occurred at the same partial pressure of oxygen, about 3 per 
cent. 

The effect of time upon the rate of bromide absorption was also exam- 
ined. Intervals of 1, 4, 12, 24, 36, and 48 hours magnitude for each oxygen 
pressure disclosed the steepest gradient within 12 hours exposure, with only 
slight increases thereafter. For this reason the 24- and 36-hour periods 
were chosen as suitable intervals. 

Experiment 1. Comparison of rice, barley, and tomato.—By the pro- 
cedure outlined above excised roots of rice, barley, and tomato were obtained. 
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Fig. 1. Bromide and potassium content of expressed sap from excised roots of barley 
24 hours in 0.905 M KBr solution. 


Three varieties of rice were employed ; Caloro variety from California, Ham- 
bas lowland, and Carreon upland varieties from the Philippines. Sacra- 
mento barley and Santa Clara tomato were the varieties of these plants used. 

The roots were exposed to 0.005 M KBr and aerated for 24 hours with 
oxygen-nitrogen mixtures covering the range mentioned above. The origi- 
nal salt content was not uniform for the three sets as shown by the differing 
initial potassium concentrations at the time of excision. This accounts for 
the different maxima of bromide accumulation obtained with each of the root 
systems (figs. 1, 2, 3). 

The bromide accumulation curve of all three sets of roots has the same 
general shape with the greatest rate of bromide absorption up to 3 per cent. 
oxygen and very slight increase at higher partial pressures of oxygen. It 
is interesting to note that as the oxygen pressure falls below 1 per cent. the 
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Fig. 2. Bromide and potassium content of expressed sap from excised roots of rice 
24 hours in 0.005 M KBr solution. 


bromide concentration of the sap fails to rise above that in the culture 
medium. The curves approximate those for barley given by Hoaquanp 
and Broyer (13). An examination of their data as read from a graph in 


their publication, shows that the bromide uptake at 4.1 per cent. oxygen was 


almost as high as at 21 or 100 per cent. 
For potassium the picture is complicated by the different initial amounts 
present. In spite of this, the potassium curves likewise show an inflection 
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Fia. 3. Bromide and potassium content of expressed sap from excised roots of. to- 
mato 24 hours in 0.005 M KBr solution. 
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at 3 per cent. oxygen. Below this pressure there is a loss of potassium from 
all roots, a great leakage from barley and tomato, but very slight from rice. 
The significance of this remains to be determined. 

Experiment 2. Accumulation by intact roots—In the absence of any 
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Fie. 4. Bromide and potassium content of excised and intact roots 36 hours in 
0.005 M KBr solution. Barley, B; tomato, T; rice, R. 


decisive differences in oxygen sensitivity by excised roots of the three plants 
under investigation, tests were undertaken to determine the influence of 
the shoot on the behavior of roots exposed to air or nitrogen. 

Root systems of entire plants were placed for 36 hours in 2-liter jars 
containing 0.005 M KBr solutions aerated with nitrogen, air, and carbon 
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dioxide. The nitrogen contained 0.2 per cent. oxygen, and the carbon 
dioxide about the same. Excised roots from similar plants were included 
in the solutions along with the intact roots. The results are shown in 
figure 4. 

Bromide accumulation did not occur in excised or intact roots of any 
plants with the carbon dioxide atmosphere. All excised roots of the nitro- 
gen series likewise failed to accumulate. 

The roots of entire plants exposed to nitrogen showed great differences. 
The tomato failed to accumulate bromide. Barley roots, however, showed 
a fairly high bromide content and rice relatively more, compared to the 
respective accumulation occurring with the aerated treatment, which serves 
as the standard of comparison for each root system. 
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Fig. 5. Relative oxygen consumption by excised roots of barley, tomato, and rice. 


The relations for potassium are not as uniform but indicate leakage under 
anaerobic conditions, especially in the presence of pure carbon dioxide. The 
aerated roots of all plants again show the highest potassium content. 

Another experiment was conducted to determine the effect of a 7-day 
treatment with the three atmospheres of gas prior to the KBr exposure to 
air, nitrogen, and carbon dioxide. The resulting data did not alter in any 
material way the relationships indicated in the preceding paragraphs. 

Experiment 3. Respiration of excised roots—The inter-connection of 
accumulation and respiration (carbon dioxide production) has been demon- 
strated by Stewarp (18), and by Hoaaianp and Broysr (13). In their 
studies these responses were measured simultaneously and showed an ap- 
proximately parallel sensitivity to oxygen tension. In the present case this 
procedure was difficult to follow and it was necessary to make separate 
measurements of respiration as oxygen consumption. 
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The respiratory behavior of excised roots from plants grown aerobically 
in solution was followed with the FENN apparatus (7). The oxygen uptake 
was determined over short time intervals until an equilibrium rate was 
established. This was achieved within one hour for each partial pressure 
of oxygen. The data are plotted in figure 5 with values at 21 per cent. 
oxygen taken as 100. While some differences appear in the curves, they 
are not significant. 

The preceding experiments measured the effects of several partial pres- 
sures of oxygen on excised roots and the roots of whole plants previously 
grown in the usual unaerated culture solutions. The excised roots of the 
three plants behaved similarly in different oxygen pressures as measured 
by bromide content and oxygen consumption. On the other hand, the root 
behavior of whole plants showed the extreme dependence of the tomato on 
root aeration, as compared to the relative indifference of rice and barley. 
The latter two plants apparently derive a considerable portion of root oxygen 
by transporting it through the shoot. This is indicated by the ability of 
these roots with attached shoots to accumulate under anaerobie root condi- 
tions, when an aerobic atmosphere is provided to the shoots. 

These tests were all conducted over short absorption periods. Further- 
more, they have no direct bearing on growth but only on respiration and 
salt uptake. The continued effect of several types of root aeration on plant 
growth was therefore investigated. Experiments were undertaken to deter- 
mine the growth of these plants in drained and submerged soils, and in 
culture solutions exposed to different gases for a major part of the vegeta- 
tive eyele. 


GROWTH OF PLANTS IN DRAINED AND SUBMERGED SOIL 


Recognition of the importance of oxygen supply of roots in the growth 
of plants is shown by many investigations utilizing soil and water cultures. 
The inability of many crop plants to tolerate root submergence when grown 
in soil is usually attributed to oxygen deficiency. Several other important 
considerations have been neglected, however, especially the increased concen- 
tration of carbon dioxide and the products of fermentation ; both inevitable 
corollaries to anaerobiosis characteristic of water logged or heavy soils. 

The literature is comprehensively surveyed in a recent paper on oxygen 
deficiency in soils (5). Only the more pertinent references are reported 
here. Beraman (2) obtained no deleterious effects due to submergence of 
potted Ranunculus abortivus, R. sceleratus, and Cyperus alternifolius, 
whereas Impatiens balsaminea succumbed to such treatment. He suggests 
the presence of aerenchyma in the firs+ group of plants. CANNon (3), in 
an extensive study of a large numbe. of species, concluded that plants 
possess different sensitivity to low oxygen tension; but his results were 
indecisive, possibly due to inexact control of conditions and inadequate 
sampling. WerEAver and Himmen (22) found that submergence improved 
the growth of certain hydrophytes. 
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Harrison and Aryer (11) analyzed the gases of swamp rice soils and 
discovered large amounts of methane with some nitrogen, carbon dioxide, 
and hydrogen. Further studies (12) convinced them of the importance of 
surface algae as sources of molecular oxygen for the roots of the submerged 
rice plant. The data on which they base this conclusion, however, are sub- 
ject to a contrary interpretation in the presence of a large experimental 
error. Setar (16) as a result of pot and field experiments identified two 
types of roots in rice, one resembling the structure in wheat and the other 
containing air spaces characteristic of aquatic roots. He obtained superior 
shoot and root growth under waterlogged conditions but the fruit yield was 


Fig. 6. Plants grown for six weeks in clay soil, drained and submerged. Left to 
right: rice submerged, rice drained, barley submerged, and barley drained. 


only equal to the control. Conway (5) using Cladium mariscus showed a 


high oxygen content in intact roots, while excision resulted in a very low 
oxygen value. VAN RAAute (15) found a similar situation to exist in the 
roots of rice. 

Experiment 4.—The growth of most plants in soil, potted or in the field, 
is predicated on adequate drainage to maintain an aerobic environment 


around the roots. Rice forms a notable exception to this in agriculture, 
and is grown almost universally under a standing water depth varying from 
a few inches to several feet. 

A comparison of the growth of rice (3 varieties), barley, and tomato 
was made under similar conditions of soil drainage and submergence in a 
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first effort to isolate the specific factors responsible for that behavior. Seeds 
were germinated by the method referred to previously ; after growing to a 
length of about 15 em., they were transferred carefully to gallon cans filled 
with loam or clay soil. One-half the number of cans were drained by means 
of numerous perforations. Protection of the plants from direct radiation 
was given for 48 hours to allow recovery from transplanting. All plants 
retained their apparent vigor during this period. 

The submerged plants were gradually exposed to increasing soil moisture 
until one inch of free water stood above the soil surface and was kept at that 
level. The drained set received additions of water daily. At the end of 


ee 





Fig. 7. Tomato plants grown for six weeks in clay and loam soil, drained and sub- 
merged. From left to right: loam submerged, loam drained, clay submerged, and clay 
drained. 


six weeks the soil was easily washed away from the roots, photographs taken 
(figs. 6, 7), fresh weights measured, and after freezing the tissues the sap 
was expressed and analyzed for potassium. The results are given in table I. 

Rice consistently excelled under submerged conditions, particularly with 
respect to the root system; barley and tomato failed to develop at all in the 
submerged clay, and grew only slightly in the submerged loam. 

The potassium content of the sap of rice shoots was about equal under 
both growth conditions, but the drained roots of rice averaged twice the 
potassium concentration of the submerged roots. This difference may be 
due in a large measure to the dilution effect exercised by the excess water on 
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the salt concentration of the flooded soil. No measurable sap could be 
extracted from submerged barley and tomato. 

The improved growth of rice in a saturated soil provides a sharp con- 
trast to the need of drainage exhibited by barley and in particular the 
tomato. This difference is much greater than that obtained in the preced- 
ing experiment with aerobically grown plants subsequently exposed to 
anaerobic KBr solutions for short periods of time. From both these experi- 
ments it appears that the advantage of intact over excised roots is derived 
from the presence of a shoot system having access to an aerobic atmosphere. 
This advantage is greatest in the rice plant, much less in barley, and negli- 
gible in tomato; it suggests the quantity of oxygen which may be transported 
from the shoots to the roots by anatomical adaptation. The evidence further 


TABLE I 


FRESH WEIGHT AND POTASSIUM CONCENTRATION OF EXPRESSED SAP OF PLANTS 
GROWN 6 WEEKS IN DRAINED AND SUBMERGED CLAY AND LOAM 


























| | SHOOTS Roots 
Sort PLANT Sou, Siete 
TREATMENT FRESH K FRESH K 
| WEIGHT conc. | WEIGHT CONC. 
| gm. m.eq. gm. m.eq. 
| Barley Drained 18.0 167 | 2.2 57 
Submerged 2.0 Gao. Bc wk. 
| Tomato Drained 12.2 hy 
Submerged 2.7 | Se 
Clay Upland Drained 25.7 te a | 65 
rice | Submerged 50.5 162 | 50.0 35 
Lowland Drained 20.0 196 | 9.2 55 
rice Submerged 34.5 209 | 38.6 32 
Caloro | Drained 20.6 167 | 6.3 71 
| rice | Submerged 34.8 159 27.5 37 
pommeanre NS =| Hs s / ee a 
| Barley Drained 35.1 246 13.4 32 
Submerged 18.5 125 8.0 18 
Loam Tomato Drained 55.5 | 9.4 
Submerged 9.1 ri ie ae 
Caloro Drained 44.7 187 17.5 15 
rice Submerged 58.8 208 | 27.6 11 
| 











suggests this as the most reasonable explanation of the activity of intact and 
excised roots. Of course, this in no way suffices to explain the increase in - 
rice growth as a consequence of soil submergence. 

An important distinction between drained and flooded soil arises from 
the relative availability of oxygen which affects the plant directly; and 
indirectly by its influence on the activity of soil bacteria and on the chemical 
constitution of the soil solution. This difference may be expressed by a 
number of interacting variables of which the more important are oxygen 
deficiency, carbon dioxide accumulation, products of fermentation, and the 
presence of reduced ions. 

An improved control of these factors was attained by the use of water 
cultures through which several gases were passed separately. 
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GROWTH IN WATER CULTURE 


The literature on oxygen relations in water culture media is extensive 
and a recent survey of it is given by Durett (6). Hau, Brencuiey, and 
Unperwoop (10) noticed a 50 per cent. increase in total dry weight of lupine 
and barley upon aerating the nutrient solution. Free (8) found buckwheat 
indifferent to air, oxygen, or nitrogen gases forced through a culture solu- 
tion, whereas carbon dioxide proved lethal after a short exposure. CLARK 
and Suive (4) showed that aeration gave large increases in both shoots and 
roots of tomato. 

ARRINGTON and SuHive (1) doubled the yield of tomato by aerating, and 
found some carbon dioxide accumulation in the solution to be without effect. 


TABLE II 


FRESH WEIGHT AND POTASSIUM CONCENTRATION OF EXPRESSED SAP OF PLANTS 
GROWN 6 WEEKS IN CULTURE SOLUTIONS WITH GAS EXPOSURE 












































SHOOTS Roots 

PLANT Roor TREATMENT Teme Panen K 
WEIGHT WEIGHT CONC. 
gm. gm. m.eq. 
Control 24.0 10.9 101 
Barley Air 24.6 13.5 99 
Nitrogen 13.2 7.9 102 
Carbon dioxide 1.5 2.7 ks 
Control 49.2 15.1 88 
Tomato Air 120.0 34.5 94 
Nitrogen pt i ee a 
Carbon dioxide 3.5 1.2 ™ 
Control 38.1 13.7 82 
Upland rice Air 34.6 14.9 86 
Nitrogen 37.2 13.8 81 

Carbon dioxide 3.1 1.0 wail 

| 








DureEtt (6) likewise obtained a distinct increase in fruit and vegetative 
growth of tomato under aerated conditions. StTImLes and J@RGENSEN (20) 
improved barley and balsam growth by aeration, while buckwheat was 
unaffected. 

Recently Suive (17) discovered different oxygen requirements for soy- 
bean, oat, and tomato as reflected by yield. Absorption of nitrate ions over 
a short interval was high at low oxygen pressures and decreased at higher 
pressures, and the absorption of ammonium nitrogen varied inversely as 
the nitrate. 

The effect of root exposure to various gases passed rapidly through the 
culture solution was studied. The medium consisted of HoAaGuanp’s solu- 
tion and the plants were grown in 2-quart jars. Air, carbon dioxide, and 
nitrogen (0.2 per cent. oxygen as impurity) were used separately in addition 
to the unaerated control. The rate of aeration was maintained at 3 liters 
per hour and the gases forced through sintered glass aerators for dispersion. 
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Experiment 5.—Seedlings were started aerobically and when the shoots 
reached about 10 em. in length were set out in the jars on paraffined corks; 
seven seedlings of barley and rice per jar and one of tomato. The number 
of individuals used was small, but due to technical obstacles it was preferred 
to repeat experiments entirely rather than to use larger populations in a 
more limited number of tests. The extreme and consistent differences that 
oceurred also tend to reduce the difficulties inherent in variability or im- 
perfect control of conditions. 

The results shown in table II support most of the observations presented 
from the soil experiments. The unaerated control is taken as the standard 
of comparison. Aeration increased tomato shoot and root growth almost 





Fig. 8. Barley and tomato plants grown for six weeks in culture solutions with 
various gas exposures to the root system. From left to right in both series: control 
(unaerated), nitrogen, carbon dioxide, and air. 


equally by over 100 per cent. in fresh weight. Barley consistently gave a 
small increase in shoot and root growth. The effect of aeration on rice fresh 
weight was negligible, the experimental error being larger than the treat-- 
ment variations of any one experiment. 

Exposing the roots to a nitrogen atmosphere reduced tomato shoots and 
roots by about 90 per cent. Barley shoots were 45 per cent. and the roots 
30 per cent. smaller than the control. Rice root and shoot growth were of 
the same order of magnitude as the control. The plants at the time of har- 
vesting are shown in figures 8 and 9. 

Carbon dioxide was immediately lethal to all plants. This ean hardly 
be purely the influence of oxygen limitation in view of the foregoing evi- 
dence; it more likely represents a specific lethal action of the carbon dioxide 
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superimposed on oxygen deficiency. Other experiments with barley have 
indicated that a 20 to 30 per cent. partial pressure of carbon dioxide is toxie 
even if the entire residual pressure of 70 to 80 per cent. consists of oxygen. 

Analyses of expressed sap were impossible for those treatments which 
yielded insufficient material. The sap analysis of shoots was also omitted 
in the face of evidence of great uniformity in virtually any treatment yield- 
ing a measurable amount of growth. Where possible the sap of roots alone 
was analyzed for potassium. 

The tomato root sap had a high concentration of potassium in the control 
and that of aerated roots was slightly higher. The difference between 





( 
Fig. 9. Rice plants grown for six weeks in culture solutions with various gas ex- 


posures to the root system. Left to right: control (unaerated), nitrogen, carbon dioxide, 
and air. 


the two, however, is trivial compared to that expressed by fresh weight. 
Barley roots gave no significant difference in potassium whereas fresh weight 
differences did oceur. This indicates that whatever restricted growth is 
made by barley and tomato roots under adverse oxygen conditions, the 
character of that growth proceeds without impairment of the salt aceumulat- 
ing mechanism in those particular tissues. Rice roots likewise showed uni- 
form potassium concentrations, which are in accordance with the uniformity 
of fresh weight values for this plant. 

Inasmuch as the nitrogen contained a small amount of oxygen (0.2 per 
cent.), an experiment was designed to reduce this impurity as much as pos- 
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TABLE III 


COMPOSITION OF METHANE GAS 











CONSTITUENT PERCENTAGE 
Tene ne en ceusione cael 
DSRS nae ane cee Buses SS isatr eee 
SEE erie an 
Butane and higher hydrocarbons ....... pat ee 


Oxygen (less than 0.02 per cent.) 


MINNIE fis tintiteeritoninc . 100.0 








sible. For this purpose commercial methane gas was selected, the gas having 
the composition given in table III, with no carbon dioxide or monoxide pres- 
ent, or oxygen within the limits of sensitivity of the method used. 

Experiment 6.—The procedure followed was similar to the preceding 
one substituting methane for nitrogen. The plants were grown out of doors 
instead of in the greenhouse to avoid any danger from the methane. The 
experiment continued for six weeks. 

The data appear in table IV giving fresh weight of shoots and roots, 
and the potassium concentration of expressed root sap. Aeration improved 
tomato considerably, and barley slightly; it exerted no influence over rice, 
however, except for a discoloration at the root tips indicating some form of 
injury. This apparent damage to the rice root has been observed in several 
subsequent experiments. 

Methane gas caused an absolute cessation of tomato growth immediately 
on exposure. Barley was reduced by about 60 per cent., a greater loss than 


TABLE IV 


FRESH WEIGHT AND POTASSIUM CONCENTRATION OF EXPRESSED SAP OF PLANTS 
GROWN OUTDOORS 6 WEEKS IN CULTURE SOLUTIONS WITH GAS EXPOSURE 


























SHOOTS Roots 
PLANT | ROOT TREATMENT | Posen Pus K 

WEIGHT WEIGHT CONC. 

=> — ———————— ——| ——_— / 
gm. gm. m.eq 
Control 49.2 22.6 103 
Barley Air 53.5 25.3 98 
Methane 20.2 10.2 | 58 
| Control 41.8 17.4 102 
Tomato Air 64.5 31.0 101 

Methane | 3.2 1.2 
Control 25.5 11.1 100 
Upland rice Air 25.0 15.3 101 
Methane 24.0 24.7 97 

4 ™ Hi : L . 

Control 33.6 19.3 91 
Lowland rice Air 31.2 15.4 88 
Methane 33.7 29.2 90 
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in the presence of nitrogen. The methane treatment resulted in a fresh 
weight increase of rice roots amounting to about 70 per cent. over the control. 
The nature of this stimulation of rice from methane exposure has not been 
determined, but may have the same origin as the beneficial effect of soil sub- 
mergence on this plant. 

The potassium content of the roots assumed the general proportions 
obtained in the preceding experiment with one exception. The barley roots 
exposed to methane showed a severe reduction in potassium content which 
was almost proportional to the decrease in fresh weight. 

The apparent stimulation of rice roots by methane offers abundant room 
for speculation. The use of this gas was suggested by its frequent and 
abundant occurrence in swamp rice fields (14). For the purpose of these 
experiments it had one advantage over nitrogen in its lack of oxygen. From 
the effect of methane on barley its behavior would seem to be that of any 























TABLE V 
COMPOSITION OF NITRATE, AMMONIUM, AND AMMONIUM NITRATE SOLUTIONS 
NITRATE AMMONIUM AMMONIUM NITRATE 
SaLT Conc. Sar 4 Conc. Sar | Conc. 
M ef i ee | ee 
Ca(NO,). 0.005 NH,Cl 0.015 | NH,NO, | 0.015 
KNO, 0.005 KCl 0.005 KCl 0.005 
MgSO, 0.002 MgSO, 0.002 | Mgso, | 0.002 
KH,PO, 0.001 KH,PO, 0.001 KH,PO, 0.001 
NaCl 0.015 CaCl, 0.005 CaCl, 0.005 
Fe Trace | Fe Trace Fe | Trace 











Micro-elements added as Hoagland’s supplementary A-—Z solution. 


inert oxygen-free gas. The present data indicate that it inhibits the growth 
of barley roots to only a slightly greater extent than nitrogen with a 0.2 
per cent. oxygen impurity, although the effect on potassium content was 
more drastic. It remains to be seen whether methane has a specific stimu- 
lating influence on rice, or if its superiority rests on purely anaerobic quali- 
ties. The rough similarity between rice grown in submerged soil and in 
water culture exposed to methane offers the prospect of further elucidation 
of the anaerobic preference exhibited by entire rice plants. 

As the culture solution used contained considerable amounts of nitrate, 
the possible réle of this anion as a source of respiratory oxygen was exam- 
ined. It has been shown with soybean plants (17) and excised barley roots 
(13) that nitrate is absorbed in large quantities and reduced by the root 
cells. This creates the possibility that in an anaerobic environment roots 
may absorb large amounts of nitrate, while maintaining relatively low inter- 
nal concentrations of this ion by subsequent reduction. The oxygen so 
released presumably would be utilized in oxidative processes. <A test was 
designed to provide salt nutrients of nitrogen in three forms: nitrate, am- 
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monium, and ammonium nitrate in the presence of air and methane forced 
through the root medium with the shoots exposed to the air. 

Experiment 7.—Plants of barley and rice were grown in unaerated 
2-quart jars containing quarter strength HoAGLANp’s solution for three 
weeks and then transferred to the experimental conditions. The composi- 
tion of the three solutions conta‘aing nitrate, ammonium, and ammonium 
nitrate, respectively, is given in table V. The osmotic value of the solutions 
was the same and the nitrogen concentration was also equal for each form 
of ion. Each solution was treated with the usual aeration and with methane, 
requiring outdoor growth as before. After two weeks the plants were har- 
vested and the sap of roots expressed and analyzed for potassium. The 
results are presented in table VI and they do not assign any importance to 


TABLE VI 


FRESH WEIGHT AND POTASSIUM CONCENTRATION OF EXPRESSED SAP OF BARLEY 
AND RICE PLANTS GROWN OUTDOORS FOR 2 WEEKS 














7 . an 
SHooTS Roots 
aie Root : —— 
PLANT SOLUTION TREATMENT FRESH FRESH K 
WEIGHT WEIGHT CONC 
gm. gm, m.eq. 
Nitrate Air 24.5 15.1 85 
Methane 17.0 9.4 70 
Barley Ammonium Air 21.9 13.3 95 
Methane 14.0 8.6 79 
Ammonium Air 27.0 12.2 99 
nitrate Methane 18.6 6.4 72 
enn Sentctadibhanetones = : Pace, Wet iat TS 
Nitrate Air 24.0 12.9 114 
Methane 23.1 14.6 104 
Upland rice Ammonium Air 22.9 12.1 100 
Methane 23.8 13.7 122 
Ammonium Air 23.6 12.7 93 
nitrate Methane 21.4 14.2 105 











nitrate as a source of oxygen for the growth of rice or barley under anaerobic 
root conditions. 

The fresh weight values of barley indicate a fairly uniform inhibition 
due to the exclusion of molecular oxygen from the roots regardless of the 
form of nutrient nitrogen employed. Rice likewise fails to derive any 
benefit from nitrate over other sources of nitrogen when an anaerobic atmos- 
phere prevails in the root system. 

With regard to the potassium content of the expressed sap, in the case 
of barley the aerated roots all have slightly higher values than methane- 
treated roots of corresponding solutions. For rice the effect of aeration 
was not noticeably different from that of methane. With neither plant does 
the presence of nitrate offer any advantage over ammonium under anaerobic 
conditions with respect to the accumulation of potassium, or to the amount 
of growth as noted above. 
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Summary 


The accumulation of bromide over a 24-hour absorption period by ex- 
cised roots of rice at different oxygen pressures is similar to that of barley 
and tomato. The inflection in the accumulation curve of the three plants 
is reached at approximately 3 per cent. oxygen; at higher partial pressures 
of oxygen only small increases in bromide accumulation oceur. 

The net accumulation of potassium is of a similar character. Below 
1 per cent. oxygen, however, there is a rapid and appreciable loss from the 
initial potassium content of barley and tomato, and rice releases potassium 
to a certain extent. 

Under anaerobie conditions that prevent bromide accumulation by ex- 
cised roots, rice roots with attached shoots accumulate appreciable amounts 
of bromide. The roots of entire barley plants show a smaller relative uptake 
of bromide, while intact tomato roots do not accumulate and respond like 
excised roots. 

An atmosphere of pure carbon dioxide prevents accumulation by excised 
roots of all plants, and for whole plants it causes a similar inhibition accom- 
panied by wilt of the shoot systems. 

Plants grown aerobically through the seedling stage and transferred to 
soil culture show diverse response to drainage and submergence over a six- 
week period. With both loam and clay soils, submergence is lethal to the 
tomato, retards the growth of barley, but improves that of rice. 

Plants grown aerobically through the seedling stage and transferred to 
water culture with continuous root exposure to air, carbon dioxide, nitrogen, 
and methane for six weeks follow the general relations indicated by soil 
cultures. 

Compared to a control plant (unaerated), aeration of the root system 
improves the growth of tomato appreciably and of barley to a small degree. 
The growth of rice is not affecied by aeration, but the root tips of this plant 
suffer a discoloration indicating injury. 

The passage of carbon dioxide through the root medium results in an 
immediate wilting of all plants and no growth occurs. 

Nitrogen gas reduces tomato shoot and root growth by about 90 per cent., 
while barley is decreased by 45 per cent. Rice is comparable to the control 
within the limits of experimental error. 

Methane inhibits the growth of the tomato plant completely, while it 
reduces that of barley to a greater extent than does nitrogen. The root 
growth of rice in methane is superior to that of all other treatments, and 
70 per cent. larger than the control. 

Nitrate as a source of nutrient nitrogen and potentially of oxygen, does 
not increase the growth or potassium uptake of rice and barley compared to 
ammonium or ammonium nitrate, under anaerobic conditions of methane 
exposure to the roots. 
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EFFECTS OF IRON ON CHLOROPHYLLOUS PIGMENTS, ASCORBIC 
ACID, ACIDITY AND CARBOHYDRATES OF ANANAS 
COMOSUS (L.) MERR., SUPPLIED WITH 
NITRATE OR AMMONIUM SALTS" 


Cie st wereeets. samp FE. YF. Fouxre 
(WITH SIXTEEN FIGURES) 


Introduction 


In a former paper (12) data were presented on the effects of iron on 
growth, certain physiochemical properties, and ash constituents of Ananas 
comosus (L.) Merr. The present paper is concerned with data from the 
same plants ; ertaining to the amounts and distribution of chlorophyll, 
carotenoid pigments, titrable acidity, ascorbic acid, dextrose, levulose, 
sucrose, starch, the pentosan and hexosan fractions of hemicellulose, cellulose 
and lignins in different sections of the leaves, stem, and roots. 


Methods 


Sixteen plants were grown for 12 months in constantly aerated solution 
cultures supplied with equal amounts of nitrate- or ammonium-nitrogen 
and either with or without iron (5 mg. per liter of solution). At the end of 
this period 8 were harvested, weighed, sectioned, and analyzed following the 
technique reported in a former paper (10). Methods employed for the 
chemical analyses of the substances mentioned in this paper were as follows. 

The chlorophyllous pigments were determined according to SCHERTZ’s 
methods (8,9). The titrable acidity of the tissues, expressed as percentage 
of citric acid, was determined with a 0.1 N solution of sodium hydroxide 
on a 10-ml. aliquot representing 2 grams of fresh tissue. Ascorbic acid was 
determined with 2, 6-dichlorophenolindophenol in acetic acid according to 
the method of Bessey and Kine (3). Sugars in the aqueous extracts of fresh 
tissues were determined by the method of QuisumMBING and THomas (7) 
after treatment with lead acetate and deleading with disodium phosphate. 
Dextrose was determined by the hypoiodite method of Wippowson (14), and 
levulose was calculated from the difference between the values of reducing 
sugars and dextrose. The colorimetric method of PucHER and VicKErRY (6) 
was employed for the determination of starch. Hemicelluloses were deter- 
mined after hydrolysis with 0.75 N hydrochloric acid for 2.5 hours on the 
residue of the sample employed for the analysis of starch following the 
removal of all dissolved substances. The sugars in the above hydrolysate, 
reported as total hemicelluloses, contained mixtures of pentose and hexose 
sugars. The furfural content of the total hemicellulose sugars was made the 
basis for the separation of the pentose from the hexose sugars. The residue 

1 Published with the approval of the Acting Director as Technical Paper no, 149 of 
the Pineapple Research Institute, University of Hawaii. 
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of the sample of tissues from the hemicellulose determination was employed 
for determining lignin and cellulose. Lignin was determined by the method 
of PETERSON, WALDE and Hixon (5). Cellulose was calculated as the differ- 
ence between the weights of the dried residue (after the extraction of 
hemicelluloses) and lignin. 

The significance of the differences between the amounts of the various 
items of the different cultures was calculated, as reported in a former publi- 
cation (12), from Conrap’s modification of BESSEL’s formula, and the values 
of 2 were obtained from Student’s Table as modified by Love. Table VII 
reports the statistical significance of the difference of the amounts of the 
various items mentioned. 

Results 


Synoptic expressions have been introduced in the presentation of the 

results and in the discussion to replace the longer ones for the appellation of 
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Fie. 1. Chlorophyll in pineapple tissues of plants grown with and without iron, and 
with nitrate or ammonium as source of nitrogen. 


the various treatments. The series Ammonium-nitrogen will be designated 
by A-n and Nitrate-nitrogen by N-n. Also, the cultures ‘‘Plus-iron’’ by F 
and Minus-iron”’ by 0. 

CHLOROPHYLLOUS PIGMENTS 


Chlorophyll was separated from the carotenoid pigments but no attempt 
was made to separate either chlorophyll alpha from chlorophyll beta or 
carotene from xanthophyll. The data in table I and in figure 1, show 
that the plants of the F cultures contained amounts of chlorophyll consider- 
ably in excess of those of the 0 cultures regardless of the source of nutrient 
nitrogen. They show, also, that the plants of the A-n series contained 
greater quantities of chlorophyll than those of the N-n series. This rela- 
tionship has already been discussed (10). 

Carotenoids were higher in the plants of the F than 0 cultures of both 
series. They ranged from 10 to 30 per cent. in the A-n and from 70 to 180 
per cent. in the N-n series. Such comparisons show that the distribution of 
carotenoids paralleled that of chlorophylls. Since the amounts of both types 
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Fie. 2. Carotenoid content of pineapple tissues of plants grown with and without 
iron, and with nitrate or ammonium nitrogen. 


of pigments present in a given section were not proportional to the amounts 
of iron supplied in the nutrient solution, it is probable that the degree of 
availability rather than the total amounts of iron within the plants were the 
determinant factors for the concentrations of chlorophyll and carotenoids. 
Iron availability was greater in the A-n than N-n series because of more fa- 
vorable H-ion concentrations in the solution cultures of the former series as 
shown in an earlier publication (12). 


ACIDITY 
Titrable acidity is reported as milligrams of citric acid per gram of fresh 
tissue in tables I and II, and in figure 3. The values differed in different 
sections and also varied to some extent in comparable sections of the plants 
of the different cultures. They were generally greater in the chlorophyllous 
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Fie. 3. Citric acid content of pineapple tissues of plants grown with and without 
iron, and with nitrate or ammonium nitrogen. 
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Fie. 4. Active acidity (pH) of sap of pineapple tissues of plants grown with and 
without iron, and with nitrate or ammonium nitrogen. 


than non-chlorophyllous sections of the leaves, a fact also reported in a 
previous publication (10). The values of titrable acidity fluctuated con- 
siderably between comparable sections in the plants of the different cultures. 
They were not consistent with respect to either the amounts of iron or the 
source of nitrogen. In the N-n series, however, the cholorphyllous sections 
of the leaves of the F cultures contained significantly greater amounts 
of titrable acidity than those of the 0 cultures, yet in the A-n the differences 
in acidity between the F and 0 plants were not statistically significant. 

The pH values of the sap, reported in tables I and II and figure 4, were 
in relative agreement with those of the acidity for corresponding sections 
although the great amounts of buffer substances in certain sections made 
perfect agreement between titrable acidity and pH values impossible. 


ASCORBIC ACID 


The ascorbic acid content of the sap, reported in tables I and II, and in 
figure 5, was higher in the chlorophyllous than in the non-chlorophyllous 
sections, thus approximately paralleling the distribution of citrie acid. 
The stem and roots either completely lacked ascorbic acid or the amounts 
were very small and insignificant. 
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Fie. 5. Ascorbic acid content of pineapple tissues from plants grown with and 
without iron, with nitrate or ammonium nitrogen. 
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Ascorbic acid values were considerably greater in the leaves of the 0 than 
F cultures of the N-n series, the differences being highly significant, as 
reported in table VII. In the plants of the A-n series ascorbie acid was 
apparently higher in the ‘‘old’’ (B) and ‘‘mature’’ (C) groups of leaves 
of the 0 than F cultures, but not in the ‘‘active’’ (D) and ‘‘young’’ (E) 
groups. Ascorbic acid showed in many sections of the N-n series an inverse 
relationship to citric acid whereas in the A-n series the relationship was 
direct. 

TOTAL SUGARS 


The amounts of total sugars, reported in tables III and !Y, and in figure 
6, were, with few exceptions, higher for the plants of the I than 0 cultures 
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Fig. 6. Total sugars in pineapple tissues from plants grown with or without iron, 
and with nitrate or ammonium nitrogen, 








of both series. They were higher in the basal and apical sections of the stein 
than in the medial sections. The amounts were greater in the N-n than A-n 
series. Contrasts between the amounts of sugars and chlorophyll in the 
‘‘mature’’ (C) and ‘‘active’’ (D) leaves of the F and 0 cultures of the N-n 
series show that mean chlorophyll values were 212 per cent. (F =0.572 and 
0=0.183) and sugars 16.6 per cent. (F = 27.5 and 0 = 23.5) higher in the F 
than 0 cultures. Variability in the chlorophyll values was 30.8 per cent. 
0.12 x 100 2.236 x 100 

(cv oe 3.9 ) 
Accordingly, sugar values were 1.86 times (57.4 + 30.8 = 1.86) more variable, 
on the basis of these calculations, than chlorophyll values. The results sug- 
gest, therefore, that sugar accumulations in the leaves had been influenced 
by other factors intimately associated with the metabolic and photosynthetic 
activities of the plant besides chlorophyll concentrations. 


), whereas in the sugars it was 57.4 (cv = 
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MILLIGRAMS OF REOUCING SUGARS PER GRAM 
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Fig. 7. Reducing sugars in pineapple tissues from plants grown with or without 
iron, and with nitrate or ammonium nitrogen. 


REDUCING SUGARS 
Data for reducing sugars are presented in figure 7 and for dextrose and 
levulose in figures 8 and 9, and in tables II] and IV. Dextrose occurred in 
much greater amounts in practically all the sections of the leaves, stem, and 


roots than did levulose. In the stem, levulose was either absent or present 
in very small amounts while dextrose made up the bulk of the amounts of 
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MILLIGRAMS OF DEXTROSE PER GRAM OF FRESH TISSUE 
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Fic. 8. Dextrose in pineapple tissues from plants grown with or without iron, and 
with nitrate or ammonium nitrogen. 
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Fig. 9. Levulose in pineapple tissues from plants grown with or without iron, 
and with nitrate or ammonium nitrogen. 


reducing sugars. Dextrose accumulated mostly in the basal and terminal 
sections of the leaves of the ‘‘old’’ (B), ‘‘mature’’ (C), and ‘‘aetive’’ (D) 
groups, whereas levulose accumulations were highest in the basal sections. 
‘In the leaves of the ‘‘young’’ (E) group the differences between the amounts 
of either dextrose or levulose of the basal and terminal sections were not as 
great as in the other groups of leaves. Dextrose occurred in greater amounts 
in the chlorophyllous (2, 3, 4, 5), while levulose was more abundant in the 
basal (1), non-chlorophyllous sections of the leaves. The low amounts of 
levulose in the chlorophyllous and the high in the non-chlorophyllous sec- 
tions might indicate that either the rate of levulose synthesis was consider- 
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Fig. 10. Sucrose in pineapple tissues from plants grown with or without iron, 
and with nitrate or ammonium nitrogen. 
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ably lower than that of dextrose or that it was utilized more in the syntheses 
of various types of substances. 
SUCROSE 


The data in tables III and IV, and in figure 10 show that sucrose was 
more abundant in the plants of the F than 0 cultures of the N-n series. In the 
A-n series sucrose did not accumulate in the F cultures and in many sections 
the 0 cultures had slightly higher sucrose values. There can be no doubt, 
however, that the greater amounts of sucrose in the plants of the F than 0 
cultures of the N-n series resulted from different rates of carbohydrate syn- 
thesis due to appreciable differences in chlorophyll content. The lack of 
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Fic. 11. Starch in pineapple tissues from plants grown with or without iron, and 
with nitrate or ammonium nitrogen. 


appreciable difference in the sucrose content of the F and 0 cultures in the 
A-n series may be attributed to the small differences in the chlorophyll con- 
tent and possibly to different rates of utilization of sucrose. 


STARCH 


Iron availability and the source of nitrogen had affected the amounts of 
starch more than any other carbohydrates, as reported in tables IIT and IV, 
and in figure 11. The plants of the F cultures of both series contained, with 
few minor exceptions, more starch than those of the 0 cultures. Aliso, starch 
accumulations were enhanced more by nitrate- than ammonium-nitrogen 
under the same concentrations of iron. 
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Starch accumulations were restricted mostly to the tissues of the stem 
and were appreciably greater in the N-n than in the A-n series, whereas 
reducing sugars and sucrose accumulated mostly in the leaves although 
some stem sections contained as high amounts of sugars as did leaf sections. 
The ‘‘mature’”’ (C) and ‘‘active’’ (D) leaves contained greater amounts of 
starch than did those of the ‘‘old’’ (B) and ‘‘young’’ (E) groups. The 
small amounts of starch in the leaves of the ‘‘young’’ (E) group can be ex- 
plained on the basis of a relatively rapid utilization of carbohydrates for the 
synthesis of new tissues, while those in the leaves of the ‘‘old’’ (B) group 
may be explained by a decreased rate of photosynthetic activity or by a 
possible hydrolysis of starch resulting from tissue senility. 
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MILLIGRAMS OF TOTAL HEMICELLULOSE SUGARS PER GRAM Of FRESH TISSUE 
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NITRATE AMMON/UM 
Fie. 12. Total hemicellulose sugars in pineapple tissues from plants grown with or 
without iron, and with nitrate or ammonium nitrogen. 


A synoptic analysis of the effects of iron and nitrogen sources on starch 
shows that nitrate-nitrogen versus ammonium-nitrogen increased the average 
starch values in the stem 161.6 per cent. for the plus-iron and 295.0 per cent. 
for the minus-iron cultures. The gains of starch in the stem of the plus- 
iron versus minus-iron cultures were 33.2 per cent. for the nitrate series and 
101.3 per cent. for the ammonium series. 


HEMICELLULOSES 


The amounts of total hemicellulose sugars, reported in tables V and VI, 
and in figures 12, 13 and 14, were slightly greater in the F than 0 cultures. 











SIDERIS AND YOUNG: EFFECTS OF IRON ON PINEAPPLE PLANTS 65 

































































QB ke 
; ve cma M/NUS /RON 
ae PLUS = 
y Cl 
zz 
SS 
an 
eo 
85 
S lve 
YE 1 
= - 
as m 
a 
© 
Se |” 
w 
WS |e 
a 
S « 
S z 
= |,u 
on" se2sesisc23zesic 2390 £1944 
oO ee 
3 Jace > eee, bi $24 
maruRe | Active | YOUNG 
LEAVES STEM LEAVES 
NITRATE AMMON/UM 


Fie. 13. Pentosans in pineapple tissues from plants grown with or without iron, 
and with nitrate or ammonium nitrogen. 


Pentose sugars, constituting more than three-fourths the amounts of total 
hemicellulose sugars, were generally higher in most leaf sections of the F 
than 0 cultures of both series. The amounts of hexose sugars showed de- 
cided deviations from pentose sugars, being generally higher in the leaves 
of the 0 than F cultures of the N-n series. In the A-n series the amounts of 
hexose sugars were higher in the ‘‘old’’ (B) and ‘‘mature’’ (C) and lower 
in the ‘‘active’’ (D) and ‘‘young’’ (E) groups of leaves of the 0 than in the 
F eultures. The amounts of hexose sugars in the stem were higher in the 0 
than in the F cultures of the N-n series, while in the A-n series the values 
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Fig. 14. Hexosans in pineapple tissues from plants grown with or without iron, and 
with nitrate or ammonium nitrogen. 
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MILLIGRAMS OF CELLULOSE PER GRAM OF FRESH TISSUE 


se4seenee s & 88 





Fie. 15. 








PLANT PHYSIOLOGY 


<== MINUS /RON 
IS 





4ZBESsS TIES 











NITRATE 


with nitrate or ammonium nitrogen. 


were reversed. 


LEAVES 


AMMONIUM 


Cellulose in pineapple tissues from plants grown with or without iron, and 


The results indicate that hexosans were more susceptible 


to variations by the difference in the amounts of iron and sourees of in- 
organic nitrogen than pentosans. 


CELLULOSE 


The amounts of cellulose, reported in tables V and VI, and in figure 15, 


were affected very little by iron concentrations. 


The effects of the source of 


nitrogen in the solution culture on the amounts of cellulose in the plants of 


TABLE VII 


CALCULATED STATISTICAL SIGNIFICANCE* OF THE DIFFERENCE OF THE MEANS OF THE 
SUBSTANCES LISTED BELOW OF COMPARABLE SECTIONS OF THE LEAVES AND 


STEM OF PLANTS GROWN 
CULTURES AND SUPPLIED WITH 


SALTS AS SOURCES OF NITROGEN 





EITHER IN PLUS-IRON OR IN MINUS-IRON 
NITRATE OR AMMONIUM 





NITRATE-N 


AMMONIUM-N 




















LEAVES STEM LEAVES STEM 
SUBSTANCES IN In | | In In 
SIGNIFI- | FAVOR | SIGNIFI- | FAVOR | SIGNIFI- | FAVOR | SIGNIFI- | FAVOR 
CANCE | OFCUL-| CANCE | OFCUL-| CANCE | OFCUL-| CANCE | OFCUL- 
TURE TURE | TURE TURE 
Chlorophyll 9999:1 | +Fe 9999:1| +Fe 
Carotenoids 9999: 1)| +Fe 9999:1)| +Fe 
Acidity None + Fe None 
Aseorbie acid | 9999:1| —Fe None > 
Total sugars.. | 9999:1 | +Fe | None 9999: 1 + Fe None 
Reducing ‘‘ None None 9999: 1 + Fe None 
Sucrose 9999:1)| +Fe None None None 
Starch 4000: 1 + Fe 9999:1 +Fe 9999:1) +Fe 29:1 + Fe 
Pentosans 9999: 1 + Fe None 9999: ] + Fe None 
Hexosans 9999: 1 —Fe | 45:1 —Fe None 43:1 +Fe 
Celluloses None None None None 
Lignin None None None None 











* By CoNnRAD’s formula and from LOVE’s table. 
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the different treatments were small and lacked statistical significance. These 
small differences were in favor of the plants of the N-n series. It is suspected 
that they resulted from differences in the water content of the tissues, as 
shown in former publications (10, 11). The high cellulose content of the 
transitional subchlorophyllous (2) sections of the leaves of the ‘‘mature’’ 
(C) and ‘‘active’’ (D) groups is of great interest because it conforms with 
their structural requirements. The leaves of these groups require, on 
account of their great length and weight and their outwardly inclined 
position on the stem, greater structural reinforcement than do the leaves 
of the other groups in order to prevent their downward collapse. 

Cellulose, being a structural and not a food or energy-yielding poly- 
saccharide, did not undergo appreciable changes as a result of changes in the 
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Fig. 16. Lignin in pineajple tissues from plants grown with or without iron, and 
with nitrate or ammonium nitrogen. 


carbohydrate metabolism of the plants induced by the respective amounts 
of iron of the F and 0 cultures. Except for the smaller weights of the plants 
of the 0 than F cultures of the N-n series, no other changes could be observed 
appreciably affecting the values of cellulose. 


LIGNIN 


The lignin content of the plants of the different treatments recorded in 
tables V and VI, and in figure 16, ranged from one-half to one-tenth and 
averaged about one-fourth that of cellulose. Lignin, like cellulose, being a 
structural and not a food or energy-yielding substance was affected very 
little by the different amounts of iron in the 0 and F cultures. The data 
gathered so far indicate that the amounts of lignin, celluloses, and hemicellu- 
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loses were directly related to the quantities of the fibrovascular tissues of the 
respective plant sections. 


Discussion 


The traces of iron contained as impurities in the C. P. nutrient salts were 
not sufficient to promote good growth in the plants of the 0 cultures of the 
N-n series where the initial pH of the solution culture changed in a two-week 
period from 4.4 to 6.8. Such traces of iron were very effective, however, for 
promoting plant growth in the 0 cultures of the A-n series because the order 
of pH changes in the solution culture was reversed, shifting in the course of 
two weeks from an initial pH value of 6.6 to a final one of 4.3.. Such changes 
affected the degree of iron solubility and its availability to plants (12). 
Where iron was available, as in the F cultures, chlorophyll was produced in 
ample amounts. 

The minimum amounts of iron required by A. comosus for optimum 
chlorophyll development and growth are relatively small. Amounts ranging 
from 0.3 to 0.5 micrograms of iron per gram of fresh tissue have been found 
in many green tissues and may be considered adequate provided the rate of 
flow which maintains such iron concentrations within the plant tissues does 
not diminish appreciably (12). 

The most obvious physiological function of iron is its influence on the 
formation of chlorophyll or more probably of protochlorophyll (4) and other 
related metalloporphyrins such as cytochrome-c, (2). Following the for- 
mation of chlorophyll the entire metabolic tempo of the plant is accelerated 
with respect to carbohydrate synthesis, nitrogen assimilation, and nutrient 
mineral requirements. This indicates that the physiological effects of iron 
on the general metabolism of the plant are very intimately related to the 
chlorophyll status of the plant. Hence it will be utterly misleading to place 
too much emphasis on the amounts of iron found in plant tissues or on those 
supplied externally to plants through solution cultures, and too little empha- 
sis on the chlorophyll content of the leaves inasmuch as experience has shown 
that amounts of chlorophyll in the leaves do not always correlate with those 
of iron. 

Certain interesting phenomena associated with the distribution of ascorbic 
acid are the gradients of concentrations of this substance in different sections 
of the leaves of different groups which in most cases were highest in the 
terminal and lowest in the basal sections. These gradients might have 
resulted from differences in the physiological functions of the different sec- 
tions. The data also show that ascorbic acid had reached maximum values 
in the leaves of the ‘‘active’’ (D) and minimum values either in the ‘‘old’’ 
(B) or ‘‘young’’ (E) groups. The differences in the amounts of ascorbic 
acid between groups of leaves may be explained by the assumption that 
ascorbic acid, being a by-product of metabolic activity (possibly resulting, 
like many other acids, from the incomplete oxidation of sugars during respi- 
ration), is produced in greater amounts in leaves of great vigor and maxi- 
mum synthetic activity such as the ‘‘active’’ (D) group than in immature 
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leaves such as the ‘‘young’’ (E) group. The relatively small amounts of 
ascorbie acid in the leaves of the ‘‘old’’ (B), and to a lesser extent of the 
‘‘mature’’ (C) group, resulted possibly from catabolic processes caused by 
tissue senility. The lower values of ascorbic acid in the F than 0 cultures 
suggest possible oxidation of ascorbic acid by the iron of F cultures in all 
the groups of leaves of the N-n series | where average total Fe values, re- 
ported elsewhere (12), were 19.4 and 47.3 y per gram of fresh leaf tissue for 
the 0 and F cultures, respectively]. In the ‘‘old’’ (B) and ‘‘mature’’ (C) 
leaf groups of the A-n series reduction in ascorbic acid values might have 
also been caused by oxidation since iron was 3.14 times more abundant in the 
F than 0 plants (F=98.5, and 0=31.4y per gram of tissue). The only 
exceptions were certain sections of the leaves of the ‘‘active’’ (D) and 
*‘voung’’ (E) groups of the A-n series, where the amounts of both ascorbic 
acid and iron were higher in the F than 0 cultures. 

The values of titrable acidity, pH, and ascorbic acid indicate that the 
conditions in the chlorophyllous sections of the leaves were highly favorable 
for the solubility and reduction of iron, whereas in the basal sections of the 
leaves and in the stem they were not as satisfactory. However, chemical 
analyses for iron, reported previously (12), have shown no accumu. tions of 
iron either in the stem or in the basal sections of the leaves. 

The plants of the N-n series, although including smaller amounts of 
chlorophyll than those of the A-n series of comparable iron cultures, con- 
tained greater amounts of sugars, suggesting that the conditions which had 
affected the metabolism of nitrogen rather than the amounts of chlorophyll 
were responsible for these differences. 

The distribution of sugars varied considerably in the different groups of 
leaves. Such variations were caused by differences in the physiological fune- 
tions of the sections and by the relative degree of vigor of the different 
groups of leaves. An analysis of such functions shows that the basal sec- 
tions (1), lacking in chlorophyll, play no part in the photosynthetic proce- 
esses of the plant in contrast to the chlorophyllous sections (2, 3, 4, 5) which 
are intimately associated with this mechanism. Also, the terminal sections 
(5) become senile and lose a great deal of their vigor and photosynthetic 
efficiency sooner than the immediately adjoining sections (2, 3, 4). Losses 
of vigor and photosynthetic activity are greater in the leaves of the ‘‘old”’ 
(B) and ‘‘mature’’ (C) than of the ‘‘active’’ (D) and ‘‘young’’ (E) 
groups. Therefore, accumulations of sugars in any section of the leaves 
should be associated either with a decreased rate of utilization as in cases of 
retarded growth, with highly favorable conditions for photosynthetic activ- 
ity, or with a decreased rate of translocation from the leaves to the other 
organs. Low sugar values should be associated with conditions quite oppo- 
site those favoring accumulation. Thus, the lower values of sugars in the 
basal (1) sections of the leaves of the ‘‘young’’ (E) than of the ‘‘active’’ 
(D) or ‘‘mature’’ (C) groups suggest, on the basis of the above postulations, 
that a greater rate of sugar utilization for the building of new tissues was in 
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effect in the ‘‘young’’ (E) than in the ‘‘active’’ (D) or ‘‘mature’’ (C) and 
‘*old’’ (B) groups of leaves. Also, the accumulation of sugars in the termi- 
nal sections (5) of the leaves of all such groups may be attributed, on the 
basis of the same postulations, to a retarded rate of translocation or to the 
synthesis of much greater amounts than required for the energy-consuming 
processes of the cells and for the synthesis of various substances. However, 
certain exceptions to the above postulations as, for example, the slightly 
greater amounts of sugars in the basal sections of the leaves of the ‘‘old’’ 
(B) group of the 0 than F cultures of the N-n series cannot be satisfactorily 
interpreted. It is possible, however, that the higher values of sugars in the 
basal sections may be attributed either to cessation of the enzymic processes 
responsible for starch synthesis or to opposite effects such as hydrolysis of 
reserve starches resulting from tissue senility. The low sugar values in 
the medial section of the stem may be attributed to the rapid conversion of 
sugars into starch by very active enzymatic processes. The preponderance 
of dextrose and the relative absence of levulose in the stem might have re- 
sulted from hydrolyzed maltose which probably could have been released 
from starch by hydrolysis. 

The amounts of sucrose increased gradually from the basal to the apical 
sections of the leaves and stem except in the transitional subchlorophyllous 
sections (2) of the leaves of the ‘‘young’’ (E) group where they decreased 
because of a high rate of metabolic activity tending to prevent the aceumu- 
lation of this or other sugars in appreciable amounts. 

Starch, although a reserve product like sucrose, accumulated in greater 
quantities in the stem than in the leaves. The stems of the N-n series con- 
tained almost twice as much starch as those of the A-n series. It is possible 
that this condition resulted either from differences in the rate of the photo- 
synthetic activity of the leaves of the two series, or from the energy relations 
involved in the assimilation of the two forms of nutrient nitrogen. There 
is at present some suspicion, based on evidence from studies on the toxicity 
of chlorides to A. comosus (13), that chlorides supplied as CaCl, to nutrient 
solutions of the A-n series interfered with the polymerization of sugars into 
starches in the stem. 

The small differences between the amounts of hemicelluloses in the plants 
of the F and 0 cultures indicate that they play a relatively minor role as 
energy-yielding substances in the carbohydrate economy of A. comosus. The 
data show that the hemicellulose content of the tissues was increased more 
by nitrate-nitrogen than by the amounts of iron in the F and 0 cultures. 

The association of high values of hemicellulose sugars with plant organs 
containing great amounts of fibrovascular materials [such as the roots and 
to some extent the basal and terminal sections of the leaves of the ‘‘old’’ (B) 
and ‘‘mature’’ (C) groups] suggests the possible participation of these sub- 
stances in the structural formation or cementation processes of fibers. 

The amounts of celluloses and lignins were affected very little by the 
differences in the amounts of iron and by the forms of nitrogen. Both cellu- 
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lose and lignin, representing structural units in the plant body, remained 
in a static condition and were not susceptible to changes which had affected 
such energy-yielding carbohydrates as sugars and starches. The effects of 
the different treatments on cellulose and lignin were about the same as those 
on hemicelluloses, but differed considerably from those on starches or sugars. 


Summary 

The effects of plus- or minus-iron cultures in association with nitrate- or 
ammonium-nitrogen were studied in connection with the distribution of 
_ chlorophyll, carotenoids, ascorbic acid, sugars, starches, hemicelluloses, cellu- 
loses, and lignin in different sections of the leaves, stem, and roots of A. 
comosus and are summarized as follows. 

1. Chlorophyll and carotenoid pigments were higher in the leaves of the 
plus-iron than minus-iron cultures. The plants of the ammonium-nitrogen 
series contained more pigments than the nitrate-nitrogen series for compara- 
ble iron cultures which possibly resulted from a greater availability of iron 
in the former than in the latter series. 

2. Titrable acidity gradients reported as citric acid, increased from the 
basal to the terminal sections of the leaves of the plants of all cultures. The 
pH values of the sap were approximately inversely proportional to those of 
titrable acidity. The stem and roots had low values of titrable acidity and 
showed either little or no changes in the different treatments. The high 
acidity values of the sap from the chlorophyllous sections of the leaves and 
the exceedingly small amounts of iron present in the same tissues preclude 
the possibility of iron precipitation in these tissues of this organ. 

3. Aseorbie acid was almost limited to the chlorophyllous sections of the 
leaves although the amounts present were not directly proportional to those 
of chlorophyll in the plants of the different cultures. The non-chlorophyl- 
lous sections of the plant, including the basal leaf, the stem, and the roots, 
contained either none or only mere traces of ascorbic acid. The gradients 
of distribution of ascorbic acid in the chlorophyllous sections of the leaves 
suggest that certain phases of metabolism rather than amounts of chloro- 
phyll in these tissues were responsible for their ascorbic acid content. Re- 
duction of the ascorbie acid values in old and senile leaves of plus-iron eul- 
tures suggests its possible oxidation by iron. 

4. Sugars were found in greater amounts in the leaves of the ‘‘old,”’ 
‘“mature,’’ and ‘‘active’’ groups of the plus-iron than minus-iron cultures. 
They were higher in the plants of the nitrate- than of the ammonium-nitrogen 
series. The source of nitrogen in the nutrient solutions had influenced the 
amounts of sugars more than the amounts of chlorophyll in the leaves. 
Accumulations of sugars were greater in the basal sections of leaves of the 
‘‘mature’’ than ‘‘young’’ groups because the rate of their utilization for new 
tissue-building processes had decreased in the former. Sugar values in the 
basal, medial, and apical sections of the stem were in most cases indirectly 
proportional to those of starches, suggesting that the rate of withdrawal of 
sugars from the stem is directly proportional to that of starch synthesis. 
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5. The amounts of levulose were slightly higher in the leaves of the 
minus-iron than plus-iron cultures of the nitrate-nitrogen series. Levulose 
was almost absent in the stem. Dextrose, occurring in amounts twice as 
great or more than levulose, was distributed in ai! organs of the plant. 
Sucrose was higher in the leaves of the plus-iron than minus-iron plants of 
the nitrate series, but in the ammonium series it was as high or slightly 
higher in the minus-iron than in the plus-iron cultures. 

6. Starch was consistently higher in the stem of the plus- than minus- 
iron cultures, the former containing 101.3 per cent. more starch for the 
ammonium series and 33.2 per cent. more for the nitrate series. The plants 
of the nitrate-nitrogen series contained 161.6 per cent. more starch for the 
plus-iron and 295.0 per cent. for the minus-iron cultures than of the ammo- 
nium-nitrogen series. 

7. The differences in total hemicellulose sugars between the plants of the 
plus- and minus-iron cultures were slight, with the plants of the former cul- 
tures containing, in most sections, greater amounts than the latter. The 
plants of the nitrate-nitrogen series contained greater amounts of hemicellu- 
lose sugars than those of the ammonium-nitrogen series. The differences 
between the amounts of hemicelluloses in the plants of the nitrate- versus the 
ammonium-nitrogen series were greater than those between the plus- versus 
the minus-iron cultures. The pentosan fractions of hemicelluloses of the 
nitrate series were higher in the plus- than in the minus-iron cultures, while 
the hexosan fractions were reversed. In the ammonium series the distribu- 
tion of hexosans throughout the plant was irregular. 

8. The amounts of cellulose were higher in the transitional sections which 
bear the strain for the erect position of the young leaves and reclined posi- 
tion of the mature leaves. 

9. Lignin was generally high in those parts of the plant containing great 
amounts of fibrovascular tissues such as the roots, basal sections of the stem, 
and terminal sections of the leaves. 

10. The amounts of both celluloses and lignin were affected only slightly 
by the different treatments and behaved in this respect like the hemicellu- 
loses. 
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RAPID ANALYTICAL METHODS FOR SOME OF THE MORE 
COMMON INORGANIC CONSTITUENTS OF 
PLANT TISSUES 


R. C. LINDNER 


(WITH ONE FIGURE) 


Introduction 


In recent years, data have gradually been accumulated indicating the 
usefulness of leaf analysis of plants as an aid in the diagnosis of nutritional 
disorders of crop plants and as a guide in determining the fertilizer program. 
This technique seems especially important with some plant disorders of a 
mild nature in which no definite foliage symptoms are produced, yet in 
which the vigor and yield of the affected plants or the quality of plant prod- 
ucts are reduced. Lagatu and Maume in France (4), and THomas (6), 
and THomAs and Mack (7) in this country have laid the foundations for 
leaf analysis or ‘‘foliar diagnosis,’’ and an increasing number of other work- 
ers are adding to the knowledge of the subject. One of the factors that has 
delayed the general adoption of leaf-analysis methods is the time-consuming 
and expensive procedures generally used in analyzing plant material. An- 
other factor is the manner in which the data of leaf analysis has been inter- 
preted. It is the purpose of this paper to present rapid and inexpensive 
procedures for determining some of the more common inorganic plant 
nutrients. 

Many of the standard methods of analyzing plant material are based on 
volumetrie procedures which are quite accurate but are not suitable for the 
rapid testing of a number of samples. For diagnostic purposes, accuracy 
of methods is of secondary importance to speed, for sampling errors are 
usually very much larger than errors in analysis. Colorimetric methods are 
readily adapted to diagnostic procedures, for they are rapid, sensitive, and 
inexpensive. With the development of the photo-electric colorimeter in 
recent years, this type of analysis has become even more rapid and has 
attained a fair degree of accuracy. 

In most standard analyses, nitrogen is determined on a part of the sam- 
ple by the regular Kjeldahl procedure. Another portion of the sample is 
then ashed (in the presence of some substance to prevent the volatilization 
of phosphorus), and the other elements are determined in the dissolved ash. 
It is obvious that considerable time could be saved if the organie matter were 
destroyed in such a way that all of the more common elements (N, P, K, Ca, 
and Mg) could be determined on the same sample. The following methods 
were developed with this course of procedure in mind. 


Equipment 
The only special piece of equipment needed is a photo-electric colorimeter, 
preferably of the test-tube type. Manual colorimeters can be used, but they 
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are more time-consuming and less accurate than the photo-electric type. An 
ample supply of standard colorimeter tubes (at least 12), calibrated at 5 ml. 
and 10 ml., and an assortment of red, green, and blue filters are necessary. 
The colorimeter tubes should be standardized before use, for they are very 
seldom exactly alike. 

A fume hood is desirable but not entirely essential. Ample supplies of 
50-ml. Erlenmeyer flasks, 50-ml. and 100-ml. glass-stoppered volumetric 
flasks, and glass-stoppered dropping bottles are desirable, along with an 
assortment of pipettes and other standard laboratory equipment. In addi- 
tion, a leaf punch should be available. 


Sampling 

The sampling is perhaps the most important part of any analytical pro- 
cedure for determining the constituents of plant material, because it is the 
source of greatest error. For a sample, either the entire plant itself or some 
part of the plant that will reflect the nutritional status of the plant as a 
whole should be used. The leaf is perhaps the best part of most plants for 
this purpose, but care must be taken to secure leaves of the same physiologi- 
eal age, same type, and same relative position on the plant. Trees offer 
further complications since the main branches of the tree often act as indi- 
vidual units. For a further discussion of sampling see THomas (6). 

The dry weight of the material is usually used as a basis of comparison 
in expressing the results of analyses. The use of leaf area as a basis of 
comparison has certain advantages. <A leaf punch which cuts out exactly 
1 sq. em. of leaf tissue may be used, and with this instrument a large number 
of samples may be collected in a minimum of time. The methods presented 
here are applicable to either fresh or dry material. If fresh material is 
used, the samples can be directly analyzed, saving the time required for the 
drying, grinding, and weighing of dry samples. Ten sq. em. of fresh leaf 
material or 100 mg. of dry material is the most convenient size of sample. 
At times, it may be desirable to have the leaves from which samples are 
secured remain on the plant, and, by using the leaf punch, 1 sq. em. of leaf 
material can be removed from each of ten leaves without removing the leaves 
from the plant. The leaves of some plants, of course, aye not of sufficient 
size for area sampling (grasses, for instance), and th> dry material must 
be used. ee ig 


Digestion ie 
The digestion procedure has discussed elsewhere (5) but will be 
presented here for completeness. 


REAGENTS 

1. Concentrated sulphuric acid (¢.p.—nitrogen free). 

2. 30 per cent. hydrogen peroxide (c.p.—nitrogen and preservative free). 
PROCEDURE 


Transfer about 100 mg. of dry material or 10 sq. cm. of fresh material 
to a 50-ml. Erlenmeyer flask. Add 2 ml. of concentrated sulphurie acid 
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and heat gently over a flame in a fume hood until the sample is broken down 
and partially dissolved. If nitrates are present, continue digestion for 
about a minute after dense fumes have been given off to allow for complete 
reduction of the nitrates by the organic matter. Cool and add 0.5 ml. of 
30 per cent. hydrogen peroxide. Heat gently—the solution should become 
clear and colorless. Continue the heating until dense fumes are given off— 
usually the solution becomes darker at this stage. Cool, and add 5 drops 
more of 30 per cent. hydrogen peroxide and heat again—repeat this pro- 
cedure if necessary. No more than 5 drops of hydrogen peroxide should 
be added at one time after the first addition, because a large excess of perox- 
ide in the absence of organic matter will oxidize some of the ammonia. 
When the solution is perfectly clear and colorless on continued heating, 
cool, dilute with water, and transfer with washings to a 100-ml. volumetric 
flask and make to volume. 
Determinations 
NITROGEN 

The procedure for determination of nitrogen has been discussed else- 
where (5) but will be presented here for completeness. 

REAGENTS.— 

1. 2.5N sodium hydroxide. 
2. 10 per cent. sodium silicate. 
3. Nessler solution. 

The Kocu-McMEEKIN Nessler solution (3) was used in this work, although 
others that are more easily prepared would probably be just as satisfactory. 
This solution is best stored in a large bottle and transferred to a small drop- 
ping bottle for use. It is made as follows: ‘*‘ Dissolve 30 grams of KI in 20 
ml. of distilled water, and add 22.5 gm. of iodine to the solution. Shake ‘until 
dissolved, and then add 30 gm. of pure metallic mereury. Shake the mix- 
ture well, keeping the solution cool by holding under running tap water 
from time to time, until the supernatant liquid has lost the yellow color of 
iodine. Pour off from the undissolved mereury and test for the presence of 
excess iodine by adding a few drops to starch solution in a test tube (or spot 
plate). If no blue color is obtained, add iodine solution similar to that 
described above, drop by drop, until there is a faint excess of free iodine as 
determined by testing a few drops with starch solution. Dilute to 200 ml., 
mix, and pour into 975 ml. of accurately prepared 10 per cent. sodium 
hydroxide solution. Mix well and allow any precipitate to settle out, using 
the clear supernatant fluid. Avoid stirring up the sediment when removing 
from the storage bottle.’’ 

ProcepurE.—Transfer a 10-ml. aliquot of the peroxide-digested material 
to a 50-ml. volumetrie flask. Add 2 ml. of 2.5N sodium hydroxide (con- 
veniently added from a small burette) to partially neutralize the excess 
acid, and 1 ml. of 10 per cent. sodium silicate to prevent turbidity. Make 
to volume and mix well. Transfer a 5-ml. aliquot to a colorimeter tube and 
add 4 drops of Nessler’s reagent, mixing thoroughly after the addition of 
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each drop. If the mixing is not thorough, additional drops of reagent will 
be required to obtain the maximum color. Allow to stand for several min- 
utes before taking a colorimeter reading. A blue filter (such as Wratten 
no. 49) should be used. 

ReEMARKS.—Beer’s law is not followed, and a curve must be prepared 
from readings based upon standard solutions of ammonium sulphate. In- 
dividual colorimeters and working conditions vary so much that standard 
eurves should be prepared for each instrument. If a 100-mg. sample. is 
used, the range of nitrogen, in percentage of the dry weight, is from about 
0.01 per cent. up to about 4.00 per cent. Above about 2.00 per cent., the 
sensitivity gradually decreases. The success of this method depends upon 
the use of sodium silicate to prevent the formation of a turbidity when the 
Nessler solution is added. 

PHOSPHORUS 

The method for phosphorus determination is an adaptation of standard 
colorimetric methods based upon the formation of molybdenum blue. 

REAGENTS.— 

1. 2.5N sodium hydroxide. 
2. Molybdate reagent. 
2.5 per cent. ammonium molybdate in 28 per cent. sulphuric 
acid. 
3. Stannous chloride. 
2.5 gm. SnCl, - H.0. 
10 ml. cone. HCl. 
90 ml. 4,0. 
This solution should be prepared fresh for use. It will keep for 
about a week in a glass-stoppered bottle. 

PrRocEDURE.—Transfer a 10-ml. aliquot of the peroxide-digested material 
to a 50-ml. volumetric flask. Add 2.5 ml. of 2.5N NaOH to neutralize 
the excess acid, and then add 2 ml. of the molybdate reagent. Make to 
volume and add 2 drops of stannous chloride solution. Mix well and let 
stand for several minutes to allow for maximum development of the blue 
color. Take a colorimeter reading on a 5-ml. aliquot using a green filter 
(such as Wratten no. 54). The color reaches a maximum in about 2 min- 
utes after adding stannous chloride but begins to fade after 10 minutes, so 
that a reading should be taken during this interval. 

RemMarkKs.—If a 100-mg. sample is used, the range of phosphorus in per- 
centage of the dry weight is from about 0.004 per cent. to about 0.400 per 
cent. Beer’s law is valid in this range. For larger amounts of phosphorus, 
a greater dilution should be used. For smaller amounts, a red filter, which 
increases the sensitivity about 4 times, may be used. A blank determination 
on all reagents should be run precisely as above. 

The hydrogen ion concentration should be controlled within fairly nar- 
row limits. Before adding the molybdate reagent, the sample should be 
about 0.06 N in acid. 
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Although arsenates interfere with the method, there usually is not 
enough arsenic present to significantly affect the results. Spray residues 
containing arsenic should be removed from the leaf before it is sampled. 
If arsenates are known to be present in appreciable amounts, they should 
be reduced to arsenites, which do not interfere. This can be done by add- 
ing 0.5 gm. of sodium bisulphite to a 10-ml. aliquot of the peroxide-digested 
material in a 50-ml. volumetric flask. Place in an oven at 80° C. for 30 
minutes and then cool rapidly under the tap and proceed as above. The 
excess bisulphite does not interfere. 


PorassIuM 


The method for determination of potassium is a turbidimetrie method 
based upon the precipitation of potassium as the cobaltinitrite in a finely 
suspended form. 

REAGENTS.— 

1. Methyl red indicator. 
100 mg. methyl red in 100 ml. of 50 per cent. alcohol. 
Saturated sodium carbonate solution. 
6N sulphurie acid. 
Sodium nitrate (granular—reagent grade—K free). 
95 per cent. ethyl alcohol. 
6. Sodium ecobaltinitrite (reagent—powder). 

PROcEDURE.—Transfer a 5-ml. aliquot of the peroxide-digested material 
to a 50-ml. Erlenmeyer flask. Add one drop of methyl red indicator, and 
neutralize the solution by the drop-wise addition of a saturated solution of 
sodium carbonate. Add two drops excess of sodium carbonate, and boil the 
solution vigorously for several minutes to expel the ammonia. Cool, and 
carefully transfer with a minimum of washings to a colorimeter tube; the 
sample plus the washings should not amount to more than 6 ml. Neutralize 
the excess sodium carbonate with about 2 drops of 6N sulphuric acid to 
about pH 6. Add about 0.5 gm. of sodium nitrate crystals and shake to 
dissolve. Then add 4 ml. of 95 per cent. aleohol, mix, and make to 10-ml. 
mark with water. The mixing is most easily done with a small glass rod 
flattened on the end. Carefully add about 0.17 gm. of dry powdered sodium 
cobaltinitrite with a small porcelain spoon. The exact amount used is not 
important as long as the same amount is used each time. As soon as the 
reagent is added, the solution should be mixed thoroughly with the aid of 
the glass rod. Allow to stand for ten minutes before taking a reading on 
the colorimeter, using a red filter. 

Remarks.—A blank determination must be made on all reagents pre- 
cisely as above. If a 100-mg. sample is used, the range of potassium in 
percentage of the dry weight is from about 0.02 per cent. to about 6.00 per 
cent. There is a straight-line relationship between the concentration of 
potassium and the turbidity in this range. The success of the method de- 
pends upon the exact duplication of the procedure every time it is used. 
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The concentration of salts is important as they influence the size of the pre- 
cipitate particles. It is important to use exactly 4 ml. of alcohol. When 
larger amounts are used, the salts are precipitated, and when smaller 
amounts are used, the potassium is not completely precipitated. Ammo- 
nium ions interfere with the method since they give the same precipitate 
with cobaltinitrite as does potassium. Ammonia is easily removed by boiling 
in alkaline solution ; completeness of removal may be checked by the odor or 
with a moist piece of indicator paper held over the mouth of the flask. 
Sodium hydroxide is not satisfactory for neutralizing the solution since most 
grades are apt to contain appreciable amounts of potassium. Readings on 
the colorimeter are usually constant for a period of several hours. Larger 
amounts of potassium tend to settle out after about 15 minutes, but agita- 
tion of the mixture will bring it back to the original state of dispersion. 
Before taking a colorimeter reading, all entrapped air bubbles in the solu- 
tion should be allowed to rise. 
CaLciuM 


The method for determination of calcium is a turbidimetric method based 
upon the precipitation of calcium as the oxalate in a finely suspended state. 

REAGENTS.— 

1. Sodium carbonate (dry powdered reagent). 
Ammonium oxalate (crystalline reagent). 
Gum acacia reagent (the gum acacia should be purified before use 
as the commercial material contains appreciable amounts of eal- 
cium and magnesium salts). 

Dissolve 10 gm. of commercial gum acacia in about 100 ml. of water. 
Add about 0.6 gm. of ammonium oxalate crystals and centrifuge to remove 
the precipitate that forms. Decant the supernatant liquid, acidify it with 
about 10 ml. of 6 N HCl, and add ethyl alcohol until a dense white floceulent 
precipitate of arabic acid forms. Add sufficient alcohol to precipitate all 
of the arabic acid. Allow to stand for several minutes to permit the pre- 
cipitate to settle and discard the supernatant liquid. Wash the precipitate 
several times with 95 per cent. alcohol, allowing it to settle after each wash- 
ing. Dissolve the precipitate in about 100 ml. of water, add 10 ml. of 6N 
HCl and again precipitate with aleohol. Wash twice with alcohol and 
finally take up the arabic acid in about 200 ml. of water. Add about 60 gm. 
of sodium acetate, and when this is in solution, centrifuge to remove any 
extraneous matter. 

PrRoceDURE.—Transfer a 5-ml. aliquot of the peroxide-digested material 
to a colorimeter tube and partially neutralize with about 0.12 gm. of sodium 
carbonate powder, using an appropriate sized spoon. Add 1 ml. of gum 
acacia reagent and shake the solution thoroughly. Take a reading at this 
time on the colorimeter for a reagent blank. Then add about 0.1 gm. of 
powdered ammonium oxalate with an appropriate sized spoon and shake the 
mixture thoroughly. Allow to stand for ten minutes before taking a read- 
ing on the colorimeter, to permit complete precipitation of the calcium. The 
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tube should be shaken vigorously immediately before a reading is taken so 
as to bring any precipitated material into suspension. Use a green filter 
(such as Wratten no. 54). 

RemArKs.—Beer’s law is not followed, and a standard curve must be 
plotted using known amounts of calcium under the exact conditions that 
will be found in the unknown sample. The method is not accurate for very 
small amounts of calcium (below 1.00 per cent. Ca when using 100-mg. 
samples) due to the solubility of the calcium oxalate. If very small amounts 
of calcium are present, it may be desirable to add a known amount of 
calcium to bring the reading up to the more sensitive part of the curve. 
In this case 1 ml. of a standard calcium solution and 4 ml. of the unknown 
can be used, and the reading corrected for the added calcium. It is impor- 
tant to follow the procedure carefully as small changes may tend to affect 
the results appreciably. The colorimeter tube must be shaken vigorously 
immediately after the addition of ammonium oxalate to obtain a uniform 
dispersion of the calcium oxalate. Magnesium does not interfere so long as 
it is present in lower concentrations than is caleium; a condition which holds 
true for most plant material. The addition of sodium acetate to the gum 
acacia reagent buffers the solution to the proper pH for precipitation of 
the calcium oxalate. It is important to allow the colorimeter tubes to stand 
ten minutes before taking readings to allow for complete precipitation of 
the calcium. Longer standing, up to several hours, does no harm as long 
as the tubes are shaken vigorously immediately before readings are taken 
to re-suspend any material that may have settled out. Consistent results 
are not obtained in the absence of gum acacia; this material is necessary 
to maintain uniform particle size. 

MAGNESIUM 

The method for determination of magnesium is a modification of the 
colorimetric titan yellow (thiazol yellow) procedure of Gmuam (2). 

REAGENTS.— 

1. 4 per cent. aqueous solution of hydroxylamine hydrochloride. 

2. Titan yellow solution. 
0.15 gram of the dye dissolved in 75 ml. of ethyl aleohol and 25 
ml. of water. Filter before using. 

3. 40 per cent. sodium hydroxide solution. 

ProcepuRE.—Transfer a 5-ml. aliquot of the peroxide-digested material 
to a colorimeter tube. Add one ml. of hydroxylamine solution and ten drops 
of titan yellow. Mix the solution well and add 1 ml. of 40 per cent. sodium 
hydroxide. After thorough mixing, cool the tube to 20° C. in a water bath 
and take a reading immediately in the colorimeter, using a green filter (such 
as Wratten no. 54). 

Remarks.—If a 100-mg. sample is used, the range of magnesium in 
percentage of dry weight is from about 0.003 per cent. to about 0.750 per 
cent. Beer’s law is followed in this range; but in higher concentrations the 
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magnesium tends to settle out. There is a rather high reagent blank reading 
and it is important to determine this carefully under the same conditions 
to be used for the samples. Since there are certain variable factors inherent 
in the method, at least three determinations should be averaged on each 
sample. It is essential to have the tubes at some standard temperature 
before taking readings on the colorimeter. The exact temperature is imma- 
terial, but it is more convenient to standardize the method near room tem- 
perature. About five minutes in the water bath is usually sufficient to bring 
the tubes to the proper temperature. 

The hydroxyl-ion concentration should be kept within fairly narrow 
limits. In general, the higher the hydroxyl-ion concentration, the higher 
the reading. If a smaller aliquot than 5 ml. is used, it should be made up 
to 5 ml. in the colorimeter tube with 2 per cent. sulphuric acid so as to keep 
the original acid concentration about the same. 

Calcium, phosphorus, and iron interfere with this method, but, fortu- 
nately, these substances are usually not present in plant material in high 
enough concentration to appreciably influence the results. For example, 
in order to interfere, the calcium concentration must be at least 100 times 
that of the magnesium, and the phosphorus concentration at least 20 times 
that of the magnesium. 


Discussion 
NITROGEN 


A sufficient discussion of the nitrogen method has been presented else- 
where (5) and need not be repeated here. 


PHOSPHORUS 


In table I is presented a comparison of phosphorus determination by the 
rapid method with those obtained by the official A.O.A.C. micro method (1) 
on samples of dry apple leaves. In the official method, 1-gm. samples of 
leaf material were used, while in the rapid method 100-mg. samples were 


TABLE I 


COMPARISON OF RAPID METHOD FOR PHOSPHORUS WITH THE OFFICIAL MICRO- 
METHOD ON SAMPLES OF DRY APPLE LEAVES 





PHOSPHORUS AS PERCENTAGE OF DRY WEIGHT 
SAMPLE ~ - a 
OFFICIAL MICRO-METHOD RAPID METHOD 
61 0.313 0.308 
0.310 0.311 average 0.312 0.311 average 
0.311 0.312 
111 0.272 0.268 
0.268 0.269 a 0.268 0.269 si 
0.267 0.27 
B-26 0.117 0.120 
0.117 0.118 Re 0.120 0.119 m 
0.119 0.117 
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TABLE II 
RECOVERY OF POTASSIUM FROM PURE SOLUTIONS OF POTASSIUM CHLORIDE 
MICROGRAMS OF COLORIMETER MICROGRAMS OF PERCENTAGE 
POTASSIUM TAKEN READING POTASSIUM RECOVERED RECOVERY 
uni i ca | AD i ES 8 Rn 
0 63 | 
64 
70 av. 65 
64 
63 ; 
25 89 23 92 
94 27 108 
90 24 96 
92 25 100 
93 26 104 
50 120 52 104 
120 52 104 
115 47 94 
116 48 96 
122 54 108 
100 170 99 99 
176 104 102 
166 95 95 
168 97 97 
171 100 100 
200 278 200 100 
274 196 98 
282 204 102 
277 199 99.5 





280 202 101 
t th, 





used. It can readily be seen that the two methods are comparable in accu- 
racy. This should be expected as the methods are very similar and the same 
photo-electric colorimeter was used in both. 


PorassIuM 
The recovery of potassium from pure potassium chloride solutions is 


shown in table II. There are certain variations in any group of individual 


TABLE III 


COMPARISON OF THE RAPID METHOD FOR POTASSIUM DETERMINATION WITH A VOLUMETRIC 
COBALTINITRITE METHOD ON DRY APPLE LEAVES 











| POTASSIUM AS PERCENTAGE OF DRY WEIGHT 
SAMPLE | 
VOLUMETRIC METHOD RAPID METHOD 
a | 
% % 
a—67 1.5 1.49 
1.50 1.54 
1.51 1.52 
a-74 3.81 3.90 
3.84 3.80 
3.82 3.82 
a-76 0.87 0.85 
0.87 0.90 


0.86 | 0.86 
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readings, but the average of at least three determinations is usually fairly 
accurate. The blank reading is due to the color of the reagents. 

In table III is shown a comparison between the rapid turbidimetrie 
method and a volumetric method (unpublished). In the volumetric method 
the potassium is precipitated as the cobaltinitrite, and the supernatant 
solution is filtered off by means of a filter stick. After the precipitate is 
washed, it is dissolved with an excess of ceric sulphate, and the mixture 
is titrated with ferrous ammonium sulphate. 1-gm. samples of dry apple 
leaf material were used for the volumetric method while 100-mg. samples 
were used for the rapid method. There is a close agreement between these 
two methods when used on leaf material. 


TABLE IV 


RECOVERY OF POTASSIUM ADDED TO DRY APPLE LEAF MATERIAL 














POTASSIUM TOTAL POTASSIUM POTASSIUM PERCENTAGE 
ADDED FOUND | RECOVERED RECOVERY 
% of dry weight % of dry weight % of dry weight % 
0 1.53 
1.50 av. 1.51 | 
1.49 s 
0.50 2.00 0.49 98 
2.05 | 0.54 108 
1.98 0.47 | 94 
1.00 2.52 1.01 101 
2.56 | 1.05 105 
2.50 0.99 99 
1.50 2.98 1.47 98 
3.05 1.54 103 


3.00 1.49 | 99 


Potassium can readily be recovered when it is added to dry apple leaf 
material, as shown in table IV. The potassium was added as potassium 
chloride to 100 mg. of dry leaf material and evaporated to dryness before 
digestion. 


CALCIUM 


The type of standardization curve that can be expected with calcium 
is shown in figure 1. As was mentioned before, there will probably be certain 
variations in colorimeters and in conditions of analysis, so that this curve 
should not be expected to be duplicated exactly under other conditions. 
With smaller concentrations of calcium, the sensitivity is decreased, prob- 
ably due to the solubility of the calcium oxalate precipitate. With higher 
concentrations of calcium, the sensitivity again decreases, probably owing 
to the formation of larger calcium oxalate particles. By preparing such a 
curve, under the exact conditions to be used in analysis, fairly good results 
should be obtained. 

Table V shows a comparison of the rapid calcium method with a volu- 
metric micro-method on dry apple leaf material. For the volumetric method 
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MICROGRAMS OF CALCIUM PER 5 ML OF SOLUTION 
Fig. 1. Type of standardization curve to be expected in calcium determination. 


1-gm. samples were used while for the rapid method 100-mg. samples were 
used. In the volumetric method, the calcium was precipitated as the oxalate 
and the supernatant liquid removed by means of a filter stick. After wash- 
ing, the calcium oxalate precipitate was dissolved with an excess of ceric 
sulphate and the mixture titrated with ferrous ammonium sulphate. Very 
good agreement was obtained between these two methods. 

Table VI shows that calcium is satisfactorily recovered when added to 
dry apple leaf tissue. The calcium was added as a standard calcium sulphate 
solution prepared from calcium carbonate and sulphuric acid. The mixture 
of calcium solution and leaf tissue was evaporated to dryness before 
digestion. 


TABLE V 


COMPARISON OF THE RAPID CALCIUM METHOD WITH A VOLUMETRIC MICRO-METHOD ON DRY 
APPLE LEAF MATERIAL 





CALCIUM AS PERCENTAGE OF DRY WEIGHT 





SAMPLE -_— 
VOLUMETRIC METHOD RAPID METHOD 
% % 
a—76 1.12 1.20 
1.12 1.12 
1.11 1.18 
a-134 2.23 2.20 
2.20 2.26 
2.23 2.26 
a-132 3.32 3.20 
3.31 3.28 
3.30 3.36 
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TABLE VI 
RECOVERY OF CALCIUM ADDED TO DRY APPLE LEAF MATERIAL 
eee ae ae i 
CALCIUM . TOTAL CALCIUM CALCIUM 
ADDED FOUND RECOVERED | 
% of dry weight % of dry weight | % of dry weight 
0.0 1.26 | | 
1.26 av. 1.27 | 
1.30 | 
0.50 1.74 0.47 
| 1.82 0.55 
1.78 0.51 
1.00 ° 2.22 0.95 
| 2.30 1.03 
2.26 0.99 
2.00 3.30 2.03 
3.20 1.93 
| 3.20 1.93 
MAGNESIUM 


PERCENTAGE 
RECOVERY 


% 


94 
110 
102 

95 
103 

99 
102 

96 

96 


There are certain errors inherent in the titan yellow method for mag- 
nesium, but by following the procedures as outlined, satisfactory results 


TABLE VII 


RECOVERY OF MAGNESIUM FROM PURE MAGNESIUM SULPHATE SOLUTIONS 











MAGNESIUM COLORIMETER | MAGNESIUM 
TAKEN READING RECOVERED 
micrograms micrograms 
0.0 160 
169 
167 av. 165 | 
165 
164 
5.7 206 5.4 
214 6.4 
210 5.9 | 
209 5.7 
209 5.7 | 
208 | 5.6 | 
11.4 256 | 11.9 
250 11.1 | 
246 10.6 
252 11.4 
256 11.9 
253 11.5 | 
17.1 295 17.0 
292 | 16.6 
294 16.9 
300 17.6 
308 | 18.7 
297 17.2 
22.8 330 21.4 
338 | 22.5 
342 23.0 
339 22.6 | 
329 21.3 
345 23.4 








PERCENTAGE 
RECOVERY 


% 


93 
112 
104 
100 
100 

98 
104 

97 

93 
100 
104 
101 


103 
109 
101 
94 
99 
101 
99 


9 


103 
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TABLE VIII 
RECOVERY OF MAGNESIUM ADDED TO DRY APPLE LEAF MATERIAL 
MAGNESIUM TOTAL MAGNESIUM MAGNESIUM PERCENTAGE 
ADDED FOUND RECOVERED RECOVERY 
% of dry weight % of dry weight % of dry weight % 
0.0 0.313 
0.334 
0.308 av. 0.324 
0.324 
0.339 ; 
0.100 0.420 0.096 96.0 
0.446 0.122 122.0 
0.412 0.088 88.0 
0.428 0.104 104.0 
0.428 0.104 104.0 
0.500 0.836 0.512 102.4 
‘ 0.810 0.486 97.2 
0.822 0.498 99.6 
0.783 0.459 91.8 
0.796 0.472 94.4 











may be expected. In table VII some typical data are presented on the 
recovery of magnesium from pure magnesium sulphate solutions. There 
is a large blank reading due to the color of the reagents, but if enough read- 
ings are taken, the differences are averaged out. 

Table VIII shows the recovery of magnesium added to dry apple leaf 
material. The magnesium was added as a standard solution of magnesium 
sulphate and the mixture was evaporated to dryness before digestion. 


TIME INVOLVED 


Table IX shows the approximate time required to perform the procedures 
reported here. The estimates are based on the length of time taken by an 
analyst with one assistant to analyze 12 samples of leaf material sampled 
on an area basis. The approximate time required was six hours, an average 
of 30 minutes per sample for a complete analysis, including sampling 
and digestion. 


TABLE IX 


TIME REQUIRED BY AN ANALYST WITH ONE ASSISTANT TO COMPLETELY ANALYZE 
TWELVE LEAF SAMPLES 





PROCEDURE | TIME FOR 12 SAMPLES 
| min. 
Sample preparation 30 
Digestion 55 
Nitrogen 40 
Phosphorus 45 
Potassium 70 
Calcium ... 40 


Magnesium 60 
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Summary 
Rapid colorimetric procedures for the determination of nitrogen, phos- 


phorus, and magnesium, and turbidimetric procedures for the determination 
of potassium and calcium in the same sample of plant tissues are presented. 


BuREAU PLANT INDUSTRY, SOILS, AND AGRICULTURAL ENGINEERING 
AGRICULTURAL RESEARCH ADMINISTRATION 
U. 8S. DEPARTMENT OF AGRICULTURE 
WENATCHEE, WASHINGTON 
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EVALUATION OF FOLIAGE INJURY AND WATER LOSS IN 
CONNECTION WITH USE OF WAX AND 
OIL EMULSIONS' 


Cc. LL. Comam and C. G. Bare 


(WITH FOUR FIGURES) 


Introduction 


The evaluation of the effects of spray materials on plants has been con- 
fused by the lack of reliable methods for the measurement of the injury 
which may be caused by such treatment. The use of wax emulsions for the 
prevention of desiccation in nursery stock and the application of spray mate- 
rials for the control of fungous diseases and insect pests are practices which 
have created numerous problems, many of which have not been satisfactorily 
solved because of lack of information on the underlying principles involved. 
This situation has been further aggravated by the continual appearance of 
new materials which are being developed for these purposes. It has long 
been recognized that the application of a spray material to a plant may alter 
the course of photosynthesis, respiration, and transpiration or may result in 
direct foliage injury. 

It is the purpose of this paper to describe methods and equipment which 
have been used at this station for the evaluation of the effects of spray mate- 
rials on plants in connection with the development of emulsions to be em- 
ployed for the prevention of desiccation. Illustrative results are given 
which indicate the interrelationships existing between chemical composition 
of the emulsion, toxicity, environmental conditions, and efficiency in protec- 
tion against excessive water losses. 

Transpiration as a factor in plant growth and crop production has per- 
haps been the subject of more investigations than any other physiological 
process. Detailed discussions of the water relations of plants may be found 
in the literature (4, 5, 6, 11, 13, 16, 18, 20) and it is evident that while vari- 
ous réles have been assigned to transpiration, its function has never been 
clearly and completely explained. Furthermore, there seems to be no 
agreement as to whether the benefits of the process exceed the ill effects. 
It cannot be denied, however, that certain cases exist where the ill effects of 
transpiration seem to far outweigh the apparent benefits. For example, it 
is often necessary to transplant shrubs and trees when they are in the active 
or non-dormant stage; cut branches of plants are used for decorative pur- 
poses, and the use of transplantings and cut branches in camouflage work is 
becoming of more importance. With but a few exceptions every section of 
the country is subject to varying periods of drought. Transpiration in a 

1 This research was supported by the Horace H. RACKHAM Research Endowment of 
the Michigan State College of Agriculture and Applied Science for studies on the incus- 
trial utilization of agricultural products. Published with the permission of the Director 
of the Experiment Station as Journal Article no. 658 (n.s.). 
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genotype is dependent largely on two factors: (a) the saturation deficit or 
water absorbing power of the atmosphere and (b) the available water. It 
is evident, then, that if for any reason water cannot be supplied to the leaves 
as rapidly as it is lost from them, wilting will occur which may result in 
injury to the plant. The supply of water to the leaves may be limited by 
a lack of water in the soil or, in certain cases, by an inadequate water trans- 
porting mechanism in the plant. In the present paper no consideration has 
been given to the water relations of diseased plants in which the xylem ves- 
sels have been plugged or destroyed by fungi and bacteria. 

Following the work of Nemson (23, 24) and others (19, 22, 25), melted 
wax was used with considerable success for the protection of nursery stock 
in storage, shipment, and transplanting. The difficulties involved, however, 
in this type of treatment precluded the possibility of the extensive use of 
melted wax. Emerson and Hivpreru (15) have published a preliminary 
report on the reduction of transpiration of transplanted evergreens by the 
use of various materials. The development in 1930 of satisfactory emulsi- 
fying agents for paraffin wax (3, 26) made possible the production of wax- 
in-water emulsions which greatly facilitated the application of waxy cover- 
ings to plant material. At that time a wax emulsion was developed at this 
station for spraying nursery stock and other plant material and was later 
put into commercial production. Later, MrmLER, Nreuson, and BANDEMER 
(21) published a bulletin describing the use of this emulsion on dormant 
ornamental deciduous and coniferous trees and shrubs. The extensive use 
of this material in recent years for a great variety of purposes revealed its 
tendency to cause direct foliage injury under certain circumstances. The 
reasons for the conflicting observations from field tests during the past years 
were not well understood. This led to the present research which was then 
concerned with the determination and elimination of the cause of the injury 
and the possibility of developing a completely non-toxic spray which could 
be applied to foliage for protection against excessive water loss without caus- 
ing material damage. 

In order to obtain useful results a program of this type must be well 
rounded and designed so as to effectively treat a wide range of problems 
varying from the purely chemical to those of a biological nature. The work 
on this project was therefore planned to provide for: (a) physico-chemical 
studies concerned with the actual development of the spray emulsion formu- 
las together with investigations of the physical characteristics of the emul- 
sions and the films formed from them; and (b) biological studies in connec- 
tion with the performance of the spray as conditioned by the characteristics 
of the plant and the environmental factors. The present paper deals 
primarily with the biological aspects of the problem. 


Experimentation 
CONTROLLED ENVIRONMENT CHAMBER 


It is not practicable to study in detail the effects of spray emulsions on 
plants in the field or in the greenhouse because of the many variables in- 
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volved and the difficulties in reproducing conditions throughout the experi- 
ments. After development of satisfactory formulas, extended field tests 
will serve, of course, as criteria in regard to the usefulness of the emulsions. 
In order to eliminate the uncertainties of weather conditions, variations in 
temperature, humidity and light intensity, ete., it was felt that an environ- 
ment should be available in which these factors could be controlled and 
varied at will. A controlled environment chamber of the general type 
described by CuiLpERs and Bropy (8) and Aamopr (1) was used. 

A schematic diagram of the chamber is presented in figure 1. The 
chamber was located indoors and no provision made for other than artificial 
illumination. The light was supplied by 1000- or 1500-watt Mazda lamps 
which could be supplemented when desired by 500-watt mereury are lamps. 
The major part of the heat from the lamps was dissipated by allowing water 
to flow over the glass plate which comprised the top of the chamber; the 
water depth could be varied from a few millimeters up to 3 centimeters. 


CONTROLLED ENVIRONG@ENT CHAMBER 
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Fie. 1. Schematic diagram of controlled environment chamber. 


The interior was painted white in order to utilize the light most efficiently. 
The light intensity could be varied by changing the size or number of lamps, 
the distance between the lamps and the top of the chamber, or the location 
of the plants within the chamber. In the present experiments intensities 
over 5000 foot-candles were not used and in most cases the plants were 
exposed to about 3000 foot-candles. 

The temperature was maintained by means of the cold-water radiator 
and the heaters located as shown in the diagram. The heaters were operated 
by bimetallic thermoregulators located within the chamber, and the tempera- 
ture controlled in this way. In most experiments different day and night 
temperatures were used so that it was convenient to avoid daily adjustment 
by having two thermoregulators, either of which could be thrown into the 
circuit by means of a toggle switch; one thermoregulator was set for the day 
temperature and the other for the night. For the present work the range 
70° to 115° F. was of most interest and it was possibile to maintain any given 
temperature within 2° F. in that range. If lower temperatures were to be 
employed it would be necessary to install a refrigeration unit. The lower 
part of the chamber was constructed so as to permit independent control 














COMAR AND BARR: FOLIAGE INJURY BY WAX AND OIL EMULSIONS 93 


of root temperature by means of a water bath. In the present work, how- 
ever, the soil and air temperatures were the same and this part of the appa- 
ratus was not used. 

In many cases it was necessary to know the temperature in the immedi- 
ate vicinity of the leaf. For measurements of this type, copper-constantan 
thermocouples of no. 32 wire were constructed (12) which could be placed 
on each plant in the desired position; a Leeds and Northrup Model K 
potentiometer was used and the readings could be easily made without dis- 
turbing the plants or the conditions within the chamber. A permanent 
time-temperature-humidity record was available from a centrally located 
self-recording hygrothermograph which was in operation at all times. 

The air circulation was provided by a 12-inch fan located as shown in 
the diagram. The air movement within the chamber could be modified and 
regulated by means of the adjustable baffle plates; when increased air move- 
ment was desired, one to four 8-inch fans were used directly in the chamber. 
The humidity was controlled by allowing hot water to flow down through a 
compartment of cinders placed in the air stream. The heating of the water 
was thermostatically regulated, and the water level maintained by means of 
a ball float. The relative humidity could be varied from 30 per cent. to 
saturation, depending somewhat on the temperatures employed, and the 
external conditions. 


Plant experiments 


Sunflower, Helianthus annuus, was used as the standard test plant for 
these investigations because of its rapid growth, moderate sensitivity to 
spray materials, and its large and uniform leaf area. Experiments on other 
species were based on the results obtained with sunflower. The sunflower 
seeds were planted in greenhouse flats and when the seedlings were two or 
three inches high they were transplanted to 2-quart tin cans containing a 
good greenhouse compost. 


EVALUATION OF INJURY 


The injurious effects of spray emulsions applied to plants may be mani- 
fest in a variety of ways. In some instances the growing point or very 
sensitive young leaves are the only parts which may be injured, while in 
other cases the injury may be evident at the margin and tips of the older 
leaves and in still others the entire leaf blade may become brown or discol- 
ored. Oftentimes the injury is not accompanied by chlorophyll degradation 
#s indicated by discoloration but is evidenced by physical changes in the leaf 
such as withering or loss of turgidity. 

These various types and different degrees of injury are difficult to record 
and it became necessary to devise a system adequate to evaluate and describe 
the results. Photographs were found to aid materially in showing the extent 
of the injury, and in combination with a brief statement of observation 
were found to be more useful as a permanent record than detailed written 
descriptions alone. A photographic record was kept, therefore, in those 
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eases where definite and clear-cut injury was obtained with any particular 
emulsion under any given set of conditions. Ordinary black and white film 
was not satisfactory for this purpose since, with the type of injury usually 
obtained, lack of contrast made it difficult to distinguish the injured from 
the normal areas. Excellent contrast was obtained, however, by the use of 
infra-red film with the proper filter. Figure 2 shows a comparison of photo- 
graphs of the same leaf obtained by employing (a) panchromatic, and (b) 
infra-red film. In this case the marginal injury was barely visible to the eye. 
Since chlorophyll does not absorb near infra-red radiation to any great 
extent, the normal areas of the leaf will appear light in the photograph, 
while the necrotic areas, in which degradation products have been formed, 
and which consequently do absorb in the infra-red region of the spectrum, 
will appear dark. It should be noted that with panchromatic film the normal 
leaf may appear dark because of the manner of printing which does not rep- 





a b 
Fic. 2. Sunflower leaf with marginal injury photographed (a) on panchromatic 
film; and (b) on infra-red film. 


resent injury and should not be confused with the injury shown by the dark 
areas on prints from infra-red film. Necrotic areas which can be scarcely 
observed visually are clearly differentiated in the photographie print when 
infra-red film is employed. BAwpen (2) has shown that foliar necrosis 
caused by certain virus diseases ean be clearly demonstrated by the use of 
infra-red film. 

For the routine photographing a Zeiss (maximar-6 x 9 em.) camera was 
used with Eastman infra-red film. Number 1 photofloods were employed 
for illumination and a Corning no. 245 filter used in front of the lens. 
Under our conditions the proper exposure was about 1/25 second at F 8 but 
the correct exposure for any given conditions would have to be determined 
by trial and error. 

As a matter of uniformity, and to provide a basis for the standardization 
of injury results on sunflower, the uppermost four well-developed leaves 
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were used as an index of the entire plant for the photographs and injury 
ratings (see figs. 3 and 4). After completion of the test run, the plants 
were carefully examined and observations relative to the general condition 
recorded. When photographs were to be made, the representative leaves 
were removed from the plant and placed under a glass plate on blotting 
paper for a few minutes until adjustments of the camera and lights were 
made. This treatment tended to prevent excessive curling when the leaves 
were placed in position under the camera. Injury ratings were made on 
the basis of the extent of injured area on the four leaves. Each leaf was 
assigned a rating of 25 so that a leaf that was entirely injure. would be 
given a value of 25 per cent. The total percentages for the four leaves 
represented the rating of the whole plant. For instance in figures 3 and 4 
the following ratings would apply (leaf pointing upward designated as no. 1 
and others numbered in order clockwise) : 


FIGURE 3a FIGURE 3b FIGURE 4a FIGURE 4b 
pO ay DRA 1 11 5 23 
i ee 1 15 0 21 
Leaf 38 ... 0 21 9 25 
Leaf 4 . 3 s 6 18 
5 55 20 87 


The plants would then be recorded as suffering 5, 55, 20, and 87 per cent. 
injury, respectively. It was found that observations of injury based on 
this system were in close agreement with those based on the entire plant. 


WATER LOSS MEASUREMENTS 

When water loss data were to be obtained, the moisture content of the 
soil was held between 40 and 45 per cent. which represented 67 to 75 per 
cent. of its moisture holding capacity. The literature regarding transpira- 
tion as affected by soil moisture content has been comprehensively reviewed 
by Mitzer (20). He concludes from the experimental evidence available 
that ‘‘a plant will transpire the maximal amount of water when the soil 
has sufficient moisture for good tilth, but an increase above that amount has 
no effect.’’ In preliminary experiments using soil varying from 30 per cent. 
saturation to saturation it was found that transpiration was markedly 
reduced at the low moisture levels and that satisfactory growth was obtained 
in soil at about 70 per cent. of its moisture holding capacity. For our 
studies, therefore, soil at approximately 70 per cent. saturation was used 
throughout. 

The procedure for the measurement of water loss was as follows: Sun- 
flower seedlings were transplanted to cans containing 1200 to 1500 grams 
of soil at approximately 70 per cent. of its moisture holding capacity. 
Evaporation from the soil was reduced by the use of oilcloth fitted around 
the stem of the plant and tied smoothly over the top of the can. During the 
test runs the cans were brought back to their original weights by the addi- 
tion of water every 24 hours, and in this way the soil was maintained near 
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70 per cent. saturation. It is recognized, however, that the soil moisture 
particularly in the immediate vicinity of the roots, probably varied between 
rather wide limits in spite of efforts to maintain it by weighing and replace- 
ment of the water lost. It should be noted, however, that since transpiration 
is generally lowered as the soil moisture is decreased and since in any given 
run the control plants lose more water than the treated plants, any error due 
to this fact will cause a lowered calculated efficiency of the treatment in 
reducing water loss. 

The determination of the efficiency of the various treatments in reducing 
water loss were made by weighing and calculation after the method described 
by Duaa@ar and Coo.tey (14). The amounts of transpiration of the control 
plants and the plants io be treated were obtained for a standardization 


TABLE I 


MEASUREMENT OF EFFICIENCY OF WAX EMULSION IN REDUCING WATER LOSS 
FROM SUNFLOWER 




















Group A | : Group B Genin A Group B PER- 
DATE WATER WATER 5 CORRECTED CENTAGE 
LOSS LOSS WATER LOSS | EFFICIENCY 
gm. gm. gm, 
12/ 4/42 
to 
12/ 5/42 529 413 1.28 532 
12/ 6/42 355 281 1.26 362 
12/ 7/42 372 277 1.34 357 | 
Av. 1.29 





Group A, TREATED WITH WAX EMULSION 12/7/42 at 4: 00 P.M. 
’ 


12/ 8/42—9 am. | 33 109 | 141 77 


12/ 8/42— 4 P.M. 82 133 430 81 
12/ 9/42—10 a.m. 53 136 175 70 
12/ 9/42— 4 P.M. 72 260 335 79 
12/10/42— 9 a.m. 49 119 154 68 
12/10/42— 4 P.M. 87 328 423 79 








period under the experimental conditions. After treatment of the test 
plants the rates of transpiration were again measured for given time periods 
under the same conditions; after these latter values had been corrected for 
any differences which existed between the test and control plants before 
treatment, the efficiency of the treatment could be calculated. The follow- 
ing typical experiment will illustrate the method. Eight sunflower plants 
were divided into group A and group B of 4 plants each. These were placed 
in the test chamber which was maintained at about 106° F. and 3000 foot- 
candles light intensity during the day, and about 75° F. and no illumination 
at night. The loss of water from each plant was measured for three days 
and the total daily loss in grams for each group is presented in table I. The 
ratio of the group A water loss to the group B water loss is caleulated for 
each day and the average value used to correct the group B measurements 
and so make them equivalent to the group A readings. After the third day 
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the plants in group A were sprayed with a wax emulsion and water loss 
measurements made twice daily. The values obtained for group B, the 
control plants in this case, were corrected by the average factor as deter- 
mined from the 3-day standardization run and the efficiency of the treat- 
ment in reducing the water loss was then calculated. 

None of these piants showed symptoms of burning, and this is in line 
with other similar experiments which indicated that 70 to 80 per cent. 
reduction in transpiration did not of itself cause direct foliage injury. It 
is interesting to note that the efficiency in reduction of water loss was greater 
during the day periods than during the night. 

Eight plants were ordinarily used in each experiment and they were 
selected for uniformity in size and vigor. In routine runs two plants were 
used as the controls and the test plants standardized against them. Six 
plants could therefore be sprayed with a given emulsion for an experiment, 
or two emulsions could be tested using three plants each. The length of 
time required for each experiment varied with the objective of the investi- 
gation. In some work where the injurious effects of constituents of certain 
spray emulsions were sought, a few minutes to six or eight hours sufficed 
to furnish the information. In other cases the plants were kept in the 
chamber for several days for observations of injury and water loss and in 
some of the later experiments observations have been made over periods of 
four to five weeks. 

The transpiration of sunflower as affected by soil temperature has been 
studied by CLEMENTs and Martin (9). They concluded from their data that 
transpiration varied little with soil temperature between 55° and 100° F. 
but that it dropped rapidly below 55° F. and approached zero at 32° F. 
Their plants started to wilt at about 40° F. Cameron (7), on the other 
hand, concluded that the rate of water loss from young Valencia orange trees 
decreased markedly with decreasing soil temperature from 90° to 45° F. 

No wilting or other signs of distress or injury were observed in the con- 
trol plants in air temperatures as high as 112° F. and hence no effort was 
made to control the temperature of the soil in which the plants were growing. 


Results 


The plants were grown in the greenhouse under normal conditions and 
in most cases were placed in the chamber immediately after spray treatment. 
Untreated plants showed no harmful effects as a result of being removed 
from the greenhouse and placed immediately in the chamber at temperatures 
up to 110° F. and light intensities up to 5000 foot-candles. Plants sprayed 
with water showed no injury under these conditions so that it was not con- 
sidered necessary to spray the control plants with water. This is in agree- 
ment with KRAMER (17) who reported that injury to leaves from exposure 
to sun while covered with water drops possibly never occurs. 

The first requisite of a satisfactory spray material is that it will not cause 
injury to the plant. The study of the toxicity of the spray as a function 
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of chemical composition and environmental conditions is then of prime im- 
portance. Table II shows the effect of spraying sunflower plants with 
certain solutions and placing them under conditions of 110° F. and about 
3000 foot-candles light intensity. These plants were very susceptible to 
injury under these conditions but in no case were the checks injured. 
Investigation showed that the injury was due primarily to only one of 
the constituents of the commercial emulsion, ammonium linoleate. It may 
be noted from table II that while an ammonium linoleate solution at a 
concentration of 0.5 per cent. apparently caused no injury symptoms, the 
plants were definitely injured where the concentration was raised to 1.5 per 
cent. This substance, however, appeared to be more toxic when used in the 
emulsion, probably because the wax emulsions were more viscous than the 
ammonium linoleate solutions and built up a thicker film on the leaf. This 

















TABLE II 
INJURIOUS EFFECTS OF CERTAIN MATERIALS ON SUNFLOWER 
SPRAY MATERIAL PERCENTAGE INJURY 

Commercial wax emulsion—diluted 4 x 90-100 
Commercial wax emulsion—diluted 8 x 90-100 
Commercial wax emulsion—diluted 24 x 10- 30 
Ammonium linoleate—3.0% 90-100 
Ammonium linoleate—1.5% 30— 50 
Ammonium linoleate—0.5% 0 
Sodium sulphate——3.0% 0 
Ammonium sulphate—3.0% 50— 90 
Ammonium nitrate—3.0% 50— 90 
Ammonium acetate—3.0% 50-— 90 
Phosphate buffer—1.7%—pH 7.9 0 
Phthalate buffer—1.5%—pH 4.0 0 
Sodium salt of linseed acids—3.0% 30-— 50 
Ammonium hydroxide—l10% 90-100 





Ammonium hydroxide—0.8% 0 





view is supported by the observation that when foliage is sprayed, the sur- 
face condition often causes the run-off to collect at the tips and edges of the 
leaves and it is here that injury is first apparent and most severe when 
injury occurs at all. These findings lead to the recommendation that when- 
ever possible ammonia should not be used in sprays to be applied to tender 
green foliage. It may be observed from table II that both the ammonium 
and linoleate ions were causative agents in the injury and this effect was 
not merely due to pH conditions. 

Extensive studies of this type have furnished much information which 
serves as a sound starting point in the development of emulsions possessing 
desirable characteristics. It may be readily ascertained whether or not a 
given material or combination of materials may be safely applied to green 
plant tissue. It is also possible to determine the maximum concentration 
of a toxic material which may be safely used in a given combination under 
given environmental conditions. 
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General spray practice has indicated that the environmental conditions 
at the time of application determine to a large extent the degree of injury 
which may be caused by a given treatment. Systematic investigation of 
some of these factors was necessary, particularly in connection with the 
type of spray emulsion used in this work. Experiments showed that the 
severity and rate of appearance of injury symptoms were markedly affected 
by variations in the procedure of spray application. This may be illustrated 
by the following experiment. 

A series of sunflower plants was divided into 4 groups, sprayed with a 
commercial wax emulsion, and treated as described : 


Group 1. Sprayed and immediately placed in the controlled en- 
vironment chamber at 110° F. and 3000 foot-candles light in- 
tensity. 

Group 2. Sprayed and allowed to stand at room temperature until 
the film was completely dried (4 hours at about 80° F.) before 
being placed in the chamber at 110° F. and 3000 foot-candles. 

Group 3. Sprayed and then maintained at 70° to 75° F. and 3000 
foot-candles for 24 hours before being placed in the chamber at 
110° F. and 3000 foot-candles. 

Group 4. These plants were not sprayed and were used as the checks 
in the chamber at 110° F. and 3000 foot-candles. 


The plants in group 1 were 80 to 100 per cent. injured after 3 hours at 
110° F. Those in group 2 showed very slight injury after 3 hours at the 
high temperature but were 60 to 70 per cent. injured after 18 hours. The 
plants in group 3 were not injured after 3 hours at 110° F. and showed only 
very slight injury after 18 hours at this temperature. The check plants, 
group 4. © owed no injury. 

In experiments designed to evaluate the toxicity of emulsions it is desir- 
able that the most severe conditions be employed since this essentially 
increases the sensitivity of the method. For this reason it has been our 
practice to place the plants in the controlled environment chamber imme- 
diately after application of the spray; this treatment is comparable to that 
given group 1 of the preceding experiment. For practical field work con- 
sideration should be given to the advantages of having the treated plants 
maintained at a lower temperature for the period immediately following 
the spray application, as in group 3. 

Figures 3 and 4 show the effect of temperature on the appearance of 
injury symptoms on sunflower. The group of plants represented by figure 
3a was sprayed with oil emulsion H—1—54—5 and maintained at 102° F. The 
group illustrated by figure 3b was sprayed with the same emulsion and was 
treated identically except that the temperature was maintained at 109° F. 
This experiment was repeated using a slightly different emulsion, H—1—54-3, 
and the results are illustrated in figure 4. These plants were kept in dark- 
ness after having been sprayed, and the observations were made after 18 
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hours. The plants exposed to 109° F. were injured to a much greater extent 
than those at the lower temperature. This sensitivity to temperature has 
been substantiated by repeated experiments and is considered to account 
for some of the discordant field test observations of past years. Similar 
sensitivity to light intensity and humidity was not found. This work also 
indicated that emulsion H—1-54-3 was more injurious to the plants than 
emulsion H—1-54-5. 

A series of emulsions of different compositions was prepared and the 
efficiencies of these emulsions in reducing water loss from sunflower were 
obtained by the procedures described with the following results: 


¥ ial PERCENTAGE EFFICIENCY WETTING ABILITY 
EMULSION NUMBER AFTER TWO DAYS ON LEAVES 
% 
P-6-—46-1 22 Poor 
P-6—-44-1 13 Poor 
P-6—48-1 33 Poor 
P-6—34-1 53 Poor 
P-6-—40-1 49 Poor 
P-6—50-1 49 Poor 
P-6-42-1 51 Good 
P-6—36-1 43 Good 
P-6-38-1 43 Good 


With the exception of the first two materials listed, there was no impor- 
tant difference in the efficiencies of the emulsions. The criteria of wetting 
ability were based on observation of coverage as the material was sprayed 
on the leaves. In no case were there symptoms of foliage injury. 





a b 
Fig. 3. Leaves from sunflower plants sprayed with oil emulsion H-1-—54-5. (a) 
maintained at 102° F., (b) maintained at 109° F. 


Table III contains data from a typical series of experiments designed 
to establish the performance of a given emulsion on sunflower and to deter- 
mine the effect of a modification in the formula. Each injury and efficiency 
rating was obtained from a different experimental run and the values 
represent the averages of the measurements on the individual plants. The 
first group of eleven emulsions included different preparations of the 
same basic formula while the group of four emulsions represented a modi- 
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a b 


Fic. 4. Leaves from sunflower plants sprayed with oil emulsion H-1-5---3. (a) 
maintained at 102° F., (b) maintained at 109° F. 


fication of the formula. The controlled environment chamber was main- 
tained at about 110° F. and 3000 foot-candles light intensity and the plants 
were placed in the chamber immediately after treatment. The data illus- 
trate the usual degree of reproducibility obtained in this type of experiment 
and indicate the increased efficiency of the emulsion due to the formula 
modification. 

It must be emphasized that water loss data have no meaning where the 
plants have been injured to any appreciable extent. For instance, in one 
experiment sulphonated castor oil was used in the oil emulsion and the 
plants, according to the usual measurements, showed over 90 per cent. 
injury and about 95 per cent. efficiency in the reduction of water loss; 
obviously, the foliage injury was directly responsible for the major part 
of the water loss reduction and no rating could be given the spray material 
in this regard. 








TABLE III 
INJURY AND EFFICIENCY RATINGS OF EMULSIONS ON SUNFLOWER 
EMULSION NUMBER OF PERCENTAGE PERCENTAGE 
NUMBER PLANTS TREATED | INJURY EFFICIENCY 
%o To 
H-1-58-1 2 1 44 
H-1-60-1 2 10 38 
H-1-85-3 2 1 3: 
H-1-87-5 2 8 32 
H-1-91-1 6 0 63 
H-1-99-1 3 0 43 
H-1-75-1 5 1 1] 
H-1-79-1 4 13 22 
H-1-83-1 2 2 36 
H-1-101-1 2 20 57 
H-1-105-1 3 ] 47 
Av. 5 Avy. 41 
H-1-89-1 6 0 69 
H-1-93-1 7 10 89 
H-1-77-1 6 10 82 
H-1-81-1 3 ] 89 


Av. 5 Av. 82 
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As already indicated, the plant experiments are designed to evaluate 
emulsions developed as a result of physico-chemical investigations. The 
latter are concerned primarily with: (a) the preparation of satisfactory 
stable emulsions from materials which have been found non-injurious to 
the plant and which are readily available on the market and (b) studies on 
the relations between chemical composition, the most effective concentra- 
tions to be employed, the thickness of the film, the wetting ability of the 
emulsion, the adherence and permanence of the film, its resistance to re- 
moval by water, and the efficiency of the film retarding the passage of water 
vapor. Details of this work are to be reported elsewhere. Methods for the 
determination of the permeability of these spray coatings to water vapor 
have been reported by Comar and Miuuer (10) and in general the results 
obtained by the laboratory method parallel the efficiency ratings as deter- 
mined by the use of plants. 

These investigations have led to the development of formulas which are 
effective in reducing water loss from plants for short periods of time (2 to 
3 days) without apparent injury. In experiments with certain plants these 
effects have been observed to last for as long as a month from a single treat- 
ment, at the end of which time the treated plants appeared to be in as good 
condition as the controls. It is realized, however, that before any state- 
ments can be made as to the benefits of such treatment on non-dormant 
plants it must be demonstrated that the use of these emulsions does not 
interefere with photosynthesis, respiration, or plant functions other than 
transpiration. Extensive field tests which are expected to show any effects 
of this treatment on yield are now under way and investigations of the 
physiological functions as affected by the use of wax and oil emulsions are 
planned as a necessary phase in the continuation of this program. 


Summary 


A controlled environment chamber is described and methods presented 
for the evaluation of the effects of wax and oil emulsions on plants as a 
function of environmental conditions and emulsion formula. Infra-red pho- 
tography was found useful in the measurement and illustration of foliage 
injury when such injury involved chlorophyll destruction. 

Methods for the determination of efficiency and injury ratings using sun- 
flower as a standard test plant are described. Data are presented which 
illustrate how information can be obtained and used to determine and elimi- 
nate many of the problems, and how it is possible to design experiments 
which lead to the systematic formulation of satisfactory emulsions. 


The authors wish to express appreciation to H. G. Perertne and O. M. 
NEAL who designed and built the controlled-environment chamber used in 
this work. 
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EFFECT OF BORON, COPPER, MANGANESE, AND ZINC ON THE 
ENZYME ACTIVITY OF TOMATO AND ALFALFA 
PLANTS GROWN IN THE GREENHOUSE’ 


iL. F. Barwsy aus Jd.8&. MUcHaRraevse 


(WITH FIVE FIGURES) 


In recent years much effort has been made to ascertain the necessity of 
certain so-called minor elements in the economy of plants and animals. It 
is only recently that attention has been given to physiological aspects of 
minor-element nutrition. The present investigation was begun to ascertain 
the effect of copper, boron, manganese, and zine on enzyme activity in the 
plant. Catalase, peroxidase, oxidase, and invertase were included in the 
study. 

The literature of the effect of minor elements on enzymes in plants is 
meager. ALEXANDER (1) found that the catalase activity in squash plants 
was increased by boron deficiency. Haas and Kuiorz (8) observed a slight 
increase in diastatic digestion in citrus plants in response to boron deficiency. 
It has been suggested that manganese may have certain stimulating 
‘‘eatalytic’’ functions, such as inactivation of oxidizing enzymes (11, p. 
112). 

Wywnp (19) studied the effect of small amounts of iodine on enzymatic 
activity in tomatoes. Low concentrations of iodine (1 and 5 p.p.m.) de- 
creased invertase, peroxidase, and catalase activity. Higher concentrations 
(10 and 20 p.p.m.) produced marked increases in these enzymes. Oxidase 
activity was depressed with all treatments. Peptase gave no response to any 
of the iodine additions. 

Methods 


Marglobe tomatoes were used for the study of the effect of copper on 
enzyme activity. The plants were grown in the four-salt nutrient solution 
of ARNoNn (2) with boron, manganese, zine, and iron added in appropriate 
quantities. The details of this culture solution have been described else- 
where (3). Thorough purification of the stock solutions was attained by the 
technique of STEINBERG (17), and Stour and Arnon (18). This procedure 
involves the precipitation of heavy metals as phosphates under alkaline 
conditions. It was repeated to insure more complete removal of copper. 

The tomato plants were grown in porcelain dye pots having a capacity 
of 1300 ml. One plant was grown in each pot and three replications were 
used for each treatment. The treatments consisted of no added copper, and 
additions of 0.01, 0.05, and 0.1 p.p.m. of copper as CuSO,. The plants were 
grown to maturity before enzyme analyses were begun. For some time the 


1 Contribution from the Chemistry Department of the Kentucky Agricultural Experi- 
ment Station, Lexington, Kentucky. The investigation reported in this paper is in con- 
nection with a project of the Kentucky Agricultural Experiment Station and is published 
by permission of the Director. 
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plants to which no copper was added showed severe copper deficiency (3). 
All copper treatments resulted in excellent growth, although this growth 
was somewhat restricted in the series receiving 0.01 p.p.m. copper. 

Enzyme analyses were made in sets of four with each treatment repre- 
sented and comparative results for the four treatments were thus obtained. 
Leaves and fruits were analyzed for enzyme activity. - In each case it was 
found that comparisons of different treatments were possible only when 
the ages of the individual samples were the same. For the fruits, the age 
was assumed to be the same when they showed a similar stage of ripeness. 
The most satisfactory comparisons were obtained with mature leaves taken 
from nodes of similar age on the different plants. Since the copper-deficient 
plants grew very slowly, the leaves at the growing tips of these plants were 
much older than those of the more vigorous plants; consequently, it was 
not possible to select young leaves of comparable age from the different 
treatments. Only a few small fruits were produced on the copper-starved 
plants which limited the number of tests made on fruits of this treatment. 

The tomato plants were grown during the summer of 1942. The follow- 
ing winter, alfalfa was grown and used in a similar study of the effect of 
boron, manganese, and zine on enzyme activity. These plants were grown in 
two-gallon earthenware pots filled with acid-washed sand. The nutrient 
solution was supplied to the plants by the continuous-flow method (16). 
This solution was similar to the one used for tomatoes. Zine was added as 
ZnSO, with one set having no zine added, and others receiving 0.5, 1, and 
2p.p.m. Boron treatments included additions of 0.1, 0.25, 0.5, and 1 p.p.m. 
with the boron supplied as H,BO,. One set of plants had no manganese 
added while two others received 1 or 2 p.p.m. of manganese as MnSQ,. 
Thirty pots of alfalfa were used in this study, each pot containing 10 plants. 
Three replications were used for each treatment. 

Enzyme analyses were made simultaneously for all treatments of a 
particular element. In this manner comparable results were obtained 
for the different treatments of this element. Only the first crop of alfalfa 
was used, a representative sample of this being taken for each enzyme test. 

In the preparation of the tomato plants for catalase, peroxidase, and 
oxidase studies the plant material was ground in a porcelain mortar with 
sand. This material was then filtered through linen and the juice diluted 
to a suitable volume with water. In the later studies with alfalfa, macera- 
tion was accomplished with a Waring Blendor with water added at the rate 
of 15 ml. to each gram of leaf. The latter procedure was better in that it 
permitted larger amounts of material to be handled more quickly. 


DETERMINATION OF CATALASE 
Catalase activity was determined gasometrically with an apparatus 
similar to that illustrated by Davis (5). The plant material was thoroughly 
coated with a CaCO, paste before maceration. A powdered ¢.p. grade of 
CaCO, proved satisfactory for this purpose. For leaves, one-half gram of 
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CaCO, was used for each gram of leaf; for tomato fruits, the ratio of 
carbonate to fruit was 1to5. After grinding, the plant material was filtered 
through linen with suction. The juice from tomato leaves (ground in a 
mortar) was diluted and mixed with 20 volumes of water. A portion of this 
water was used in the CaCO, paste used to coat the leaves. The alfalfa 
material, to which some water had been added prior to maceration in the 
blendor, was further diluted with a volume of water equivalent to the 
filtered extract. Tomato-fruit extracts had much less catalase activity and 
no dilutions of these were made. 

One ml. of the plant juice was added to the reaction bottle and 5 ml. of 
3-volume, neutral H,O, were placed in the separatory funnel above the reac- 
tion bottle. Both the reaction bottle and the H,O, were kept in a constant- 
temperature water bath at (25° C.) prior to their use. The reaction unit 
was then attached to a mechanical shaker immersed in the water bath. When 
the burette was adjusted, the HO, was admitted to the reaction chamber and 
the oxygen evolved measured after three minutes. The shaker accommo- 
dated two reaction units which permitted duplicate analyses to be made 
simultaneously. 

It was necessary to standardize the procedure for all tests by using a con- 
stant time interval between the beginning of grinding and the measurement 
of the oxygen evolved. This standardization was necessary because of the 
continuous decrease in catalase activity after extraction. HEINIcKE (9) 
found that catalase of apple leaves increased after extraction for about an 
hour, and then remained stable for as long as several days. In numerous 
tests made on tomatoes and alfalfa in this study, catalase activity always 
decreased after grinding, regardless of the amount of CaCO, used to nen- 
tralize acidity. The use of a standard time interval of 12 minutes between 
grinding and analysis permitted comparable results to be obtained from the 
different tests. 

Several methods of neutralizing the acids released in maceration were 
tried in an effort to prevent the loss of catalase at the time of maceration and 
thereafter. Calcium carbonate in water gave unsatisfactory results, as did a 
phosphate buffer (pH 7.0). Dry Na.CO, was more effective but was not as 
satisfactory as dry CaCO,. HEINICKE (9) used equal weights of CaCO, and 
leaf material. In this study one-half this quantity of carbonate was used 
for leaves although the larger quantity recommended by HEINICKE was 
equally satisfactory. 

The use of the Waring Blendor for maceration suggested that the metal 
blades might inhibit catalase activity ; however, extracts prepared with the 
blendor and with a porcelain mortar gave similar results in several tests. 
The use of scissors or metal knives to chop the material produced a marked 
inhibition of this enzyme which did not occur when a plastic knife was used. 


DETERMINATION OF PEROXIDASE 


The preparation of .ne plant material for peroxidase tests was similar 
to the catalase procedure except that no CaCO, was used. Maceration in the 
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Waring Blendor was more satisfactory than grinding in a mortar. The 
tomato leaf extract was diluted with 200 volumes of water, and the less 
active fruit juice was diJuted 1 to 2. The alfalfa received 15 ml. of water 
per gram of material before blending, and the filtered extract was further 
diluted to 50 volumes. One ml. of each dilution was used for peroxidase 
analyses, and each sample was tested in duplicate. 

Peroxidase was determined by the method of GuTHrtm (7) in which 
indophenol formation from the oxidation of alpha-naphthol and para- 
phenylenediamine hydrochloride is utilized. At neutrality autoxidation of 
this mixture is very rapid. At pH 4.5 it is sufficiently slow to permit its 
use as a substrate for peroxidase measurement. The use of a citrate buffer 
at pH 4.5 does not prevent peroxidase activity but catalase and oxidase 
interference are eliminated. The substrate used in this study consisted of 
200 ml. of buffer, 200 ml. of water, 1 gram of para-phenylenediamine hydro- 
chloride, and 20 ml. of four per cent. alpha-naphthol in 50 per cent. alcohol. 
After filtering, 15 ml. of this substrate was immediately placed in a 50- 
ml. centrifuge tube containing one ml. of plant extract. Three ml. of 
N/20 H,O, were then added. The reaction was stopped after 15 minutes 
with three ml. of 0.1 per cent. KCN. The indophenol formed was extracted 
with 15 ml. of toluene with shaking, and the two liquid layers were sepa- 
rated by centrifuging. The toluene layer was then poured off and deter- 
mined in a photoelectric colorimeter. 


DETERMINATION OF OXIDASE 


Considerable confusion exists in the use of the terms oxidase and 
oxygenase. A common conception is that oxidase is a system composed of 
two enzymes, oxygenase and peroxidase. Oxygenase is supposed to pro- 
duce organic peroxides which are then acted upon by peroxidase. Recent 
evidence (4) indicates that peroxidase acts only on HO, and that secondary 
oxidations by the quinones formed from oxygenase activity do not require 
the presence of peroxidase or any other enzyme. Recent practice favors the 
use of the term oxidase for the enzymatic quinone formation. 

In the present study oxidase refers to those oxidizing enzymes which 
form quinones that oxidize pyrogallol or para-phenylenediamine without 
the addition of H,O,. This probably limits the study to eytochrome oxidase 
and polyphenol (catechol) oxidase. The former acts only on reduced 
eytochrome (12) but this in turn will oxidize such substances as pyrogallol, 
para-phenylenediamine, catechol, ascorbie acid, hydroquinone, a mixture of 
para-phenylenediamine and alpha-naphthol (‘‘Nadi reagent’’), and others. 
Polyphenol oxidase (13) is specific for ortho-dihydroxy phenolic compounds, 
such as naturally-occurring tannins. These substances will then oxidize 
pyrogallol, catechol, para-phenylenediamine, the Nadi reagent, ete. These 
secondary oxidations serve for the colorimetric determination of oxidase 
activity. Plant extracts such as those used in the present studies contain 
the oxidases and their specific substrates, and these can be measured colori- 
metrically through secondary oxidation of the compounds mentioned above. 
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The use of the Nadi reagent for oxidase determinations is undesirable 
because of the rapid auto-oxidation of this reagent in neutral media. Acid 
conditions required to reduce this auto-oxidation also inhibit oxidase activ- 
ity. Para-phenylenediamine undergoes auto-oxidation somewhat less 
rapidly. Catechol produces a distinct color change rather slowly. Pyro- 
gallol appears to be the most satisfactory reagent for oxidase determinations 
(12). The product of this oxidation is the yellow-brown purpurogalline. 
Pyrogallol was used in this study of oxidase. 

The plant materials were prepared exactly as described for peroxidase. 
The extracts of the tomato leaves, ground in a mortar, were diluted with 
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Fie. 1. Enzyme responses of tomato leaves to different amounts of copper added in 
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50 volumes of water. The alfalfa material, after blending, was diluted to 
10 volumes. The analyses were made on one-ml. portions of these dilutions 
and were run in duplicate. 

To the plant extract 10 ml. of phosphate buffer (pH 7.3) was added and 
one ml. of one per cent. pyrogallol. After 10 or 15 minutes the mixture was 
examined in the colorimeter. The purpurogalline may be extracted into 
ether for colorimetric reading. 

Wynp (19, 20) adapted the previously described peroxidase procedure 
(Nadi reagent) to the measurement of oxidase by omitting the addition of 
H,0,. This presupposes that oxidase activity is not inhibited at pH 4.5. 
Repeated trials on tomato and alfalfa extracts with WyNb’s method failed 
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to give the typical reddish-purple color in toluene. A yellow-brown color 
was produced which did show some variation with the different treatments 
of the experimental p!ants. It seems doubtful that enzymatic oxidations are 
measured by this procedure. In tests with pyrogallol slight oxidase activity 
occurred at pH 4.5 but it was much less than that at pH 7.3. Wywnp (19) 
states that tomato fruits contain no oxygenase (oxidase) although the source 
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COPPER ADDITIONS IN p.p.m. 


Fic. 2. Enzyme responses of tomato fruits to different amounts of copper added to 
nutrient solutions. The data are calculated as relative enzyme activities, the standard 
of comparison being 100 for copper-starved plants. 


of this information is not given. Tests with tomato using pyrogallol indicate 
that considerable oxidase is present in the fruit. 


DETERMINATION OF INVERTASE 


The invertase procedure used was similar to the one described by Wynp 
(19). The plant material was soaked overnight in absolute aleohol and 
washed in ether. It was dried before a fan for several hours and then in a 
vacuum desiccator over H.SO, for 24 hours. After grinding in a mortar, 
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the material was brought to air-dryness before weighing the sample for 
enzyme analysis. Duplicate one-gram samples were placed in flasks con- 
taining 50 ml. of water and soaked overnight in a refrigerator. Fifteen 
grams of commercial sucrose was then added followed by another 50-ml. 
portion of water which was used to wash down the sides of the flask. This 
mixture was incubated at 38° C. for 24 hours. After incubation, the mixture 
was filtered and reducing sugars analyzed in two-ml. portions of the leaf 
materials and one-half-m]. portions of the fruit material. 

Reducing sugars were determined by the Munson-Walker-Bertrand 
method described by Loomis and SHuuzt (14). Sintered porcelain cruci- 
bles were used for the filtration instead of asbestos filters. 


TABLE I 
RELATIVE ENZYME ACTIVITY IN TOMATOES AND ALFALFA IN RESPONSE TO DIFFERENT 
AMOUNTS OF COPPER, BORON, ZINC AND MANGANESE ADDED 
TO THE NUTRIENT SOLUTION 























— CATALASE PEROXIDASE OXIDASE INVERTASE 
Copper Tomato leaves 
0.00 100 100 100 100 
0.01 127 69 112 170 
0.05 87 65 124 | 107 
0.10 77 72 144 | 117 
Tomato fruits 
Be ' < 
0.00 100 100 100 
0.01 74 2 123 
0.05 63 90 170 
0.10 49 89 190 
Boron Alfalfa 
0.10 100 100 100 100 
0.25 114 168 103 158 
0.50 | 122 140 103 139 
1.00 | 130 142 109 215 
Zine 
0.0 100 100 100 100 
0.5 97 111 109 94 
1.0 136 167 130 82 
2.0 94 123 | 120 94 
Manganese 
0.0 100 100 100 100 
1.0 83 177 99 66 
2.0 79 126 75 78 








Results and discussion 
{FFECT OF COPPER 
The results for the effect of copper treatments on enzyme activity in the 
tomato are presented in table I, and in figures 1 and 2. Since comparative 
values, rather than absolute amounts, were the object of the study, all data 
are presented as relative enzyme activity, the standard of comparison being 
100 for the copper-starved series of plants. 
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In the tomato leaves, maximum catalase and invertase activity occurred 
with 0.01 p.p.m. copper. With higher concentrations of copper these 
enzymes decreased in activity. Oxidase increased with each successive 
addition of copper. Only peroxidase failed to respond positively to any 
copper additions. 

In the fruits, catalase and peroxidase activity diminished progressively 
with increasing copper while invertase gave the opposite response. Oxidase 
determinations were not made on tomato fruits. 

The different enzyme responses of fruits and leaves to copper serves to 
emphasize the physiological individuality of vegetative and reproductive 
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BORON ADDITIONS IN p.p.m. 


Fig. 3. Enzyme responses of alfalfa to different amounts of boron added in nutri- 
ent solutions. The data are caleulated as relative enzyme activities, the standard of 
comparison being 100 for the 0.1 p.p.m. boron treatment. 


portions of the plant. Peroxidase responded similarly in the two portions 
of the plant. Although there are points of similarity in the other curves, 
the different responses with fruits and leaves is striking. 

Oxidase activity has especial interest here since it is now known that 
polyphenol oxidase is a copper-protein compound (13). The shape of 
this curve suggests that the amount of polyphenol oxidase present in the 
plant is a function of the available copper, and that the oxidase measured 
in these experiments probably was predominantly polyphenol oxidase. 
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E.venJem (6) reports similar increases in oxidase activity in the liver of 
anemic rats in response to copper additions. 


EFFECT ON BORON 

The results for the relationship of boron to enzyme activity in alfalfa 
are given in table I and figure 3. The 0.1 p.p.m. treatment was used as a 
standard of comparison. All the enzymes studied gave maximum responses 
with 1 p.p.m. boron except peroxidase which reached maximum activity 
at 0.25 p.p.m. Plant growth with no boron added was insufficient for 
enzyme analyses and no treatments with boron additions greater than 1 

p-p.m. were used. 
170 
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ZINC ADDITIONS IN p.p.m. 
Fig. 4. Enzyme responses of alfalfa to different amounts of zine added in nutrient 
solutions. The data are calculated as relative enzyme activities, the standard of com- 
parison being 100 for the plants to which no zine was added. 





The invertase curve shows the most marked favorable response to boron 
with an increase of over 100 per cent. at the 1 p.p.m. boron level. No 
explanation is apparent for the peculiar drop in activity with 0.5 p.p.m. 
The boron stimulation of invertase cannot be attributed to an effect on the 
substrate since the substrate was added as commercial sucrose. These results 
for invertase suggest a possible relationship of boron to the carbohydrate 
mechanism of the plant through this enzyme. 


EFFECT OF ZINC 


Table I and figure 4 present the results for the effect of zinc on enzyme 
activity in alfalfa. Catalase, peroxidase, and oxidase gave pronounced 
optimal activities at 1 p.p.m. zine. Invertase, on the other hand, shows 
minimum activity at this level. It is surprising that the critical level of 
enzyme activity should be at a zine concentration as high as 1 p.p.m. The 
optimum level for growth is considered to be much lower than this. 
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EFFECT OF MANGANESE 


The results for the effect of manganese on enzyme activity in alfalfa are 
given in table I and figure 5. The curves show a depressing effect of 
manganese at the concentration used with one exception. Peroxidase gave a 
marked favorable response to 1 p.p.m. manganese. The significance of this 
response is not clear. Peroxidase is an iron-porphyrin-protein enzyme. 
Since iron and manganese are closely related physiologically in the plant, 
it may be that manganese in some unknown manner affects the iron in the 
peroxidase molecule. The depressing effect of manganese on catalase, 
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MANGANESE ADDITIONS IN p.p.m. 
Fig. 5. Enzyme responses of alfalfa to different amounts of manganese added in 
nutrient solutions. The data are calculated as relative enzyme activities, the standard 
of comparison being 100 for the plants to which no manganese was added. 


oxidase, and invertase cannot be explained unless it is possible that at some 
level between the limits of no added manganese and 1 p.p.m. there occurs a 
concentration which would stimulate enzyme activity. 


General discussion 


Examination of the curves of enzyme activity for any one of the minor 
elements shows considerable uniformity in the enzyme responses. Three 
enzymes show maximum activity with 1 p.p.m. zine and three with 1 p.p.m. 
boron. For copper in tomato leaves two enzymes show their greatest-re- 
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sponse at 0.01 p.p.m. Three enzymes are depressed by additions of 1 p.p.m. 
manganese. These results suggest that these enzyme responses are expres- 
sions of general metabolic conditions of the plant rather than direct influences 
of the particular minor elements on the enzymes. HeErmnicke (9, 10) 
and NeuLER (15) suggest that catalase activity measures the metabolic 
status of tissues and may serve as an indicator of the physiological responses 
of plants to their environment. It seems likely that any of the enzymes 
tested here may serve in a similar capacity ; however, catalase seems to be 
most consistent in its agreement with other enzymes. Wynp (19) found 
considerable uniformity in the responses of catalase, peroxidase, and in- 
vertase to iodine treatments. Oxidase and peptase were exceptional, but 
there is some question concerning the validity of the oxidase results of 
WYND. 

There are certain exceptional enzyme responses for each of the minor 
elements used in this study. At least some of these exceptions may be 
explained as direct effects of one element on a particular enzyme. The 
response of oxidase to copper may be accounted for by the fact that poly- 
phenol oxidase is a copper-protein enzyme. As discussed previously, 
manganese may have a direct effect on the iron prosthetic group of the 
peroxidase molecule, and boron may affect the carbohydrate mechanism of 
the plant through an invertase relationship. Similarly, the effects of zine 
on invertase and of copper on peroxidase may be direct, although no explana- 
tion of these relationships is apparent at the present time. 


Summary 


1. Catalase, peroxidase, oxidase, and invertase determinations were 
made on leaves and fruits of tomatoes grown in nutrient solutions contain- 
ing different amounts of copper. The same enzymes were determined for 
alfalfa plants grown with nutrient solutions containing different amounts of 
boron, manganese, and zine. ; 

2. The enzyme responses to copper treatments were not the same in 
leaves and fruits of tomato. ° 

3. There was considerable uniformity in the enzyme responses for each 
minor element. This is interpreted as indicating that these enzyme activities 
are expressions of general metabolic conditions within the plants rather than 
direct influences of the minor elements. % 

4. Certain exceptional enzyme responses are considered as possible direct 
effects of an element on a particular enzyme. In this category is the con- 
tinued increase of oxidase activity with increasing additions of copper. 

KENTUCKY AGRICULTURAL EXPERIMENT STATION 

LEXINGTON, KENTUCKY 
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RELATION OF LIGHT TO GROWTH OF PLANTS’ 


H. F. Tovutanp W. E. Loomis 
(WITH EIGHT FIGURES) 


Plants grown in varying intensities of light from full sun to darkness 
show characteristic and well-known differences in growth and development. 
Much of this effect is frequently summed up in the phrase, ‘‘light retards 
growth,’’ which has become almost axiomatic in plant physiology and has 
been used to explain certain types of phototropism as well as the varying 
growth rates of etiolated and unetiolated plants, ete. Like many other 
physiological axioms, the inhibiting effect of light was popularized by 
Sacus (20) who performed some of the early experiments indicating that 
plants may make most of their growth in darkness. Sacus recognized the 
several secondary effects of light on growth, but thought it directly inhibit- 
ing through some action on the growing regions. 

Numerous other workers have considered light inhibiting for growth. 
Pranti (18), Popp (15) and McCauua, Weir and Neatsy (13) agree, at 
least in part, with Sacus. Mason (12) and Popp and Brown (16) have 
stressed the action of ultraviolet rays in checking growth. Mason found 
that date frond elongation stopped soon after sunrise at Indio, California, 
and was not resumed until near sunset. Growth was resumed within a few 
minutes if the plants were covered during the day, but could be stopped 
under the cover or at night by the radiation of a quartz mereury are. 
Tropical workers, Brown and TRELEAsSE (2), Coster (3), Osmaston (14), 
PorTERFIELD (17) and TRELEAsSE (21), are generally agreed that daytime 
checks of plant growth are caused by internal water deficits in insolated 
plants rather than by any direct action of light. It might be assumed that 
the lower percentage of ultraviolet in the sunlight of the humid tropics 
accounted for their observations if it were not that Luoyp (9) was unable 
to find any direct effect of sunlight upon the growth of Eriogonum nudum at 
the Desert Laboratory at Tucson. 

Loomis (11), working with potted maize plants in the greenhouse, con- 
cluded that the elongation of this plant was controlled by the temperature 
and the internal water supply of the plant and was not directly affected by 
light. Temperature is normally positively correlated with radiation, but 
water supplies within the meristematic tissues tend to be negatively corre- 
lated. The greenhouse glass would reduce the ultraviolet of sunlight by 
sereening out the shorter and more active wavelengths. Prescorr (19), 
however, found that maize in the field in Egypt also made its greatest 
growth after sunrise in the morning and around sunset, with a midday 
drop that was accentuated by declining soil moisture percentages. There 
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is thus a fairly general agreement among investigators that sunlight is not 
directly inhibitory for plant growth, although the verdict is not unanimous. 

The present investigation was undertaken in the summer of 1939 to 
compare diurnal growth in the field with the earlier experiments on potted 
plants in the greenhouse, and to evaluate more accurately the various secon- 
dary effects of sunlight on growth. It was concerned with the effects of full 
sunlight on the growth of non-etiolated plants, so that the numerous compli- 
cated effects of light on plant form (7, 22) have been ignored. 


Results 
EXPERIMENTS WITH CORN 


Plants of the open pollinated, Station strain of lodent (Zea mays) were 
grown on the Botany plots of the Agricultural Experiment Station at Ames, 
Iowa, in a deep, black, fertile loam. The increases in height of the unfold- 
ing, central leaves of vigorous maize plants 10 to 15 dm. tall were recorded 
as growth. This measurement includes size increases due to cell division 
and elongation at the base of the leaf, in the leaf sheath, and in varying 
numbers of elongating internodes below the leaf. Preliminary measure- 
ments showed, however, that closely agreeing results could be obtained from 
three or four of the younger leaves on any one plant. 

Measurements were made by fastening a ring with adhesive tape to the 
leaf to be measured. Auxanometer needles, balanced to a uniform pull of 
15 gm., were then hooked into the rings, and elongation read with a 5 to 1 
magnification on a meter scale. Auxanometers were detached when not 
making readings to avoid disturbance by wind. Humidity readings were 
made with a sling psychrometer, and light readings with a Weston Sun- 
lightmeter. Hygrothermograph records were obtained from a recording 
instrument in the field to check and supplement the direct readings. In 
most of the experiments with both maize and other plants, readings were 
taken at 2-hour intervals during the experiment. Growth was calculated 
as millimeters per hour for an average of six or more plants and recorded 
as the growth rate at the middle of the period. Light, temperature, and 
humidity readings were plotted as taken. 

The curves of figure 1 show the results of a four-day experiment, started 
June 23, with plentiful soil moisture and rising temperatures. The first 
two days were sunny, as shown by the light curve, but the third and fourth 
were partly cloudy, with showers. The growth rate, shown by the heavy 
black line, rose sharply after the cool morning of June 23, following the light 
and temperature curves until 10: 00 a.m., then dipped slightly, and rose to a 
second peak at 10:00 p.m. At night the growth rate dropped with the tem- 
perature, rising to repeat the day pattern on June 24. The pattern for the 
showery days of June 25 and 26 is not so clear, but in general growth increased 
with the temperature in the morning, dropped with the humidity during 
afternoon, increased with the humidity in the evening and dropped with 
the temperature after 10:00 p.m. All the effects of day and night can thus 
be explained on the basis of two indirect effects of sunlight—temperature, 
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growth of Zea mays under favorable moisture conditions. 
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and water deficit—the latter as partially expressed by a falling relative 
humidity, and no direct effect on the growth of this plant is apparent. On 
June 24, for example, maximum growth rates were reached with full sum- 
mer sunlight between 10:00 a.m. and 12:00 m. In individual plants this 
same phenomenon was encountered frequently. Sunlight intensities of 12,- 
000 fe, obtained with banks of reflecting clouds to the north, did not check 
growth of Zea mays when temperatures were below 30° C. and soil moisture 
and relative humidity were high. Minimum soil moisture percentages dur- 
ing this experiment were above 22 per cent. in a soil with a wilting per- 
centage of 9 to 10 per cent. 
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Fig. 2. Light intensity in relation to the growth of shaded and exposed plants of 
Zea mays. 


These field results contrast with growth rates of well watered potted 
plants in the greenhouse (11) by showing much higher midday readings. 
Greenhouse humidities tended to be lower and temperatures higher with the 
same sunlight, but it seems probable that the restricted root systems of pot- 
grown plants were less effective in supplying moisture rapidly to the -top 
than were the ramified, well developed root systems of the field plants grow- 
ing in a deep, well drained soil. 

EXPERIMENTS WITH SHADING.—Celotex boards were set to exclude direct 
sunlight from leaves of one set of six plants in a second experiment. The 
plants were otherwise fully exposed to north light and to air movement. 
The growth of these shaded plants, and of a second set exposed normally, 
is compared with the curves for sunlight and for temperature in figures 2 
and 3. The two growth curves were essentially identical except for the 
greater growth of the shaded plants during the drier part of the day. 
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Considering the effect of light alone (fig. 2), the growth curves rose with 
light on the morning of July 2 and then dropped sharply at 1:00 p.m. 
Growth of the shaded plants rose somewhat higher and dropped to a mini- 
mum of 6.5 mm. per hour compared to 3.9 mm. for the exposed plants. 
Evening and night growth rates were obviously unrelated to light since 
growth increased rapidly between 1:00 and 5:00 p.m. and then dropped to 
a low value in the late evening. The shades were reversed at daylight on 
July 3, and the effects of the previous day’s shading apparently reduced the 
morning growth rates of the newly exposed plants. The shaded plants made 
their maximum growth at 1:00 p.m., dropped to a daytime low at 5:00 p.m. 
and rose sharply with the unshaded plants to a second high at 7:00 p.m., 
just before sunset. 
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Fie. 3. Temperature in relation to the growth of exposed and shaded maize plants. 


When these growth curves are compared with the air temperature curve 
(fig. 3), growth is seen to have followed temperature closely except during 
the driest part of the day, when the growth of the exposed plants was reduced 
more than that of the shaded ones. 

Water deficits were measured directly in the shaded and unshaded plants 
by an eosin absorption method. Extra plants were shaded with celotex 
board for the measurements, and six control and six shaded plants were cut 
at two-hour intervals. The plants were immediately recut under water to 
eliminate plugging of the xylem by air, transferred to an eosin solution for 
20 seconds, the top of the stalk cut away to stop intake of the dye, and the 
base split to measure the upward movement of the dye. With practice, dye 
absorption time could be controlled within one second and concordant results 
obtained. Maximum rates of dye movement shown in figure 4 are over 100 
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em. per min., and rates of nearly 200 em. have been observed. These figures 
do not represent normal rates of water movement in the plants, which 
usually are estimated in centimeters per hour, but indicate a sudden move- 
ment of water through the xylem and into the parenchyma of the plant when 
tension is released at the bottom of the columns. With dewfall, night-time 
dye absorption drops to zero, and midday readings of 6 em. per min. were 
obtained by holding cut plants in water and shade for 30 min. before trans- 
ferring to the dye. 

In figure 4 the eosin injection figures are inverted, as records of water 
deficits within the plants, and plotted above the growth curves. In general 
they explain the failures of the growth curves to follow the temperature 
(fig. 3). The greater eosin uptake and lower midday growth rate of the 
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Fig, 4. Eosin injection, as a record of internal water deficit, and growth of maize. 


unshaded plants on July 2 is explained as due to the drying effects of a brisk 
southwest wind. The later and higher growth peak of the shaded plants 
on the second day is not reflected in the injection curves and may have been 
due to chance, or to failure of the cut plants to show accurately the condi- 
tions within the nearby growth block. 

This experiment also indicates that temperature is the main controlling 
factor for elongation in maize, with water deficit the opposed factor. When 
moisture did not become limiting, the growth rates shown in figures 1 and 3 
doubled for temperature increases of 10° C. between the limits of 15° and 
30°. Earlier and unpublished work (8, 11) indicates that 10° C. is the 
minimum for growth of maize and that 30° is near the optimum. 

In a second shading e* periment six plants were covered with heavy paper 
until maximum light intensities were 1 to 3 fe. The first day after shading 








THUT AND LOOMIS: RELATION OF LIGHT TO GROWTH 123 


the covered plants grew four times as fast as the controls between 12:00 Mm. 
and 2:00 p.M., but the daily total for the two groups was the same, the 
control plants having made a much greater evening growth. By the third 
day of continuous darkness, growth of the covered plants began to slow 
from starvation, shown in low sugar percentages, dropping to less than 1 
mm. per hour on the fifth day, while growth rates for the controls varied 
between 2 and 9 mm. 

EFFECTS OF DRIER WEATHER.—If the midday dip in growth rates is the 
effect of water deficits, and the night time drop is due to low temperatures, 
hotter, drier weather should increase the night and decrease the daytime 
growth rates until the classical picture of plants growing at night is ob- 
tained. An approach to such a record was obtained on July 12-13 (fig. 5) 
when the maximum temperature was 37° C., the minimum 24.5°, and the 
soil moisture immediately under the hills was 3 to 4 per cent. above the 
wilting point. Moisture midway between hills was 4 per cent. higher and 
near the field capacity. Davis (5, 6) has shown, however, that soil moisture 
near the plant is removed preferentially, even when as here, fully developed 
root systems are present in moist soil farther away, and that soil moisture 
percentages well above the permanent wilting point may sharply check the 
growth of rapidly transpiring plants. 

On July 12 the growth of maize, as shown by the heavy line in figure 5, 
dropped in the morning until the rate at 2:00 p.m. was about one-third of 
that at 6:00 a.m. The relative humidity was no lower than on June 24 
(fig. 1) when the 2:00 p.m. growth rate was nearly five times as great. The 
eosin injections, however, showed a considerably greater internal water 
deficit in the slowly growing plants, with a figure of 44 cm. in 20 seconds at 
2:00 p.m. of July 12. Temperatures, too, were probably excessive, although 
it is difficult to distinguish between the effects of high temperatures and high 
internal water deficits under field conditions. By 8:00 p.m. the tempera- 
ture had dropped to 30° C., the eosin injection to 5 em., and the plants were 
growing at a rate of 8 mm. an hour. By midnight the rate was down to 5.5 
mm., dropping with the temperature and possibly with the completed elon- 
gation of an accumulation of freshly divided cells. The daytime pattern 
of July 13 was essentially the same as that of July 12 except that partial 
cloudiness maintained the 2:00 p.m. minimum at a higher rate. The night 
temperature, however, was 8° or 9° C. below that of the previous night, and 
the night growth rate was down to less than half. Also the growth rate 
rose with the temperature on the morning of July 14. The actual rates, 
however, were nearly identical with those obtained at the same time and 
with the same temperature on the previous day. July 14 temperatures were 
not excessive, and the poor daytime growth is explained again by the eosin 
injection figures which reached the high value of 35 em. by 10:00 a.m. These 
plants showed no tendency to wilt at any time during the experiment; the 
soil moisture did not reach the wilting percentage under the hills, and the 
second foot of soil between the hills, well filled with roots, was still near field 
capacity at the end of the experiment. 
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EXPERIMENTS WITH OTHER PLANTS 


The data obtained with Zea mays seem clear cut. At temperatures be- 
tween 10° to 15° and 30° to 35° C. the normal height growth of this plant 
was determined by temperature and internal moisture supplies. Light of the 
qualities and intensities obtained in Iowa sunlight had no direct effect 
upon its growth, although the indirect effects through photosynthesis, tem- 
perature, and transpiration are of major importance. Because the growing 
regions of the maize plant are thoroughly shielded from the direct action 
of the shorter wave lengths of sunlight, other, more exposed, plant organs 
were measured in further tests of the effect of light on growth. 

Asparacus.—The growing points of young shoots of asparagus (A. offici- 
nalis) are more nearly exposed to direct sunlight, although they too are 
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Fie. 6. Light intensity and temperature in relation to the growth of asparagus. 


covered by layers of scale leaves. The young shoots differ from maize also 
in exposing very little transpiring surface. Stakes were driven by each of 
twenty-five actively growing young shoots of asparagus and their heights 
measured from this base at two-hour intervals over a 48-hour period. Aver- 
age hourly growth rates, light intensities, and temperatures are plotted 
together in figure 6. The dependence of the growth of this plant upon tem- 
perature during this moderately warm, moist period is obvious from the 
data. These results agree with those of CuLPEPPER and Moon (4) and 
Worxrne (23). No inhibiting effect of light can be detected, and the growth 
of ten plants shaded with insulating board was not significantly different 
from that of the exposed plants. 

BINDWEED.—The growing points of the vine Polygonum convolvulus are 
only lightly covered by yung leaves at the tips of stems about 1.0 mm. in 
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diameter. The meristems are thus well exposed to the direct effects of sun- 
light. Ten wild plants of this weed were marked and measured at four-hour 
intervals. Plants were some 80 cm. in length and just beginning to fruit 
at the start of the experiment. Although a full complement of leaves was 
exposed to full sun with slowly drying soil, Polygonum plants showed no 
evidence of an internal water deficit (fig. 7). Neither did they show any 
inhibiting effect of sunlight. Growth followed the temperature curve with 
the exception of the 2:00 to 6:00 p.m. jump on July 11. The four days 
shown were successively hotter and growth was successively less. Watering 
and shading, however, failed to restore the growth rate which continued 
to drop, apparently as a correlative effect of fruit production. 

CASTOR BEAN.—The expansion of young leaves of Ricinus communis 
would seem to be a growth process particularly susceptible to inhibition by 
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Fic. 7. Light intensity and temperature in relation to the growth of shoots of 
Polygonum convolvulus. 


light. The thin blade tissue is fully exposed to any possible chemical as well 
as physical effects of sunlight, and the radiation might be expected to affect 
the formation, distribution, or action of growth hormones in the leaf (1), 
or possibly to act directly to speed up the differentiation processes (10) and 
thus check cell enlargement. The results shown in figure 8 are therefore 
somewhat surprising, for fully exposed leaves in bright July weather showed 
the same type of curves obtained with growing maize plants in June. 
Growth in width of these leaves rose with the temperature in the morning, 
dipped at midday with a water deficit, partially expressed by the relative 
humidity, rose again in the evening to drop again with the night tempera- 
ture. Morning growth rates reached a maximum between 8:00 and 10:00 
A.M. on July 23 (plotted at 9:00 a.m.) but 8 of 25 leaves made their greatest 
growth between 10:00 a.m. and 12:00 m. when the sunlight intensity ranged 
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from 10,000 to 11,000 fe. When allowance is made for the effeets of de- 
creased turgor in the expanding cells, it hardly seems possible to assign any 
additional inhibiting effect to sunlight. 

One point in this experiment may be of special interest. With a random 
sample of young leaves large enough for their maximum width to be mea- 
sured conveniently, and with growth rates of 2 or 3 mm. an hour, final leaf 
sizes ranged up to 40 cm. ‘‘Growth’’ in these large leaves, and possibly in 
all this material, was probably due to cell enlargement alone. There was 
no indication that growth rates in the larger leaves were quantitatively or 
qualitatively different from those in leaves of less than 10 em. Cell enlarge- 
ment generally is considered to be a physical process of water absorption, 
and as such should have a temperature coefficient of 1+. Instead, the coeffi- 
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Fig. 8. Light intensity, temperature and relative humidity in relation to the expan- 
sion of leaves of Ricinus communis. 


cients were very clearly 2+. Such results might be explained by assuming 
that the chemical formation and action of auxins in increasing cell wall 
plasticity is the major limiting factor in cell expansion, and that water sup- 
plies and turgor pressure are only secondary. If temperature is effective 
upon both cell division and cell enlargement, the close dependence of size 
increases upon temperature, shown throughout these experiments, is more 
easily explained. 
Summary 

Measurements of the combined elongation of the central axis and a young 
leaf of Zea mays, of the axis alone of Asparagus officinalis and Polygonum 
convolvulus, and of leaf blade expansion in Ricinus communis were made 
on field grown plants. In most of these plants the combined effects of cell 
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division and enlargement were included in the ‘‘growth’’ measurements, 
but in the larger leaves of the castor bean it is probable that cell expansion 
alone was concerned. 

All measurements of both axes and leaves showed a tendency for size 
increases to follow the temperature curve, and thus, other factors being 
equal, to be increased in sunlight. Growth was checked, however, by water 
deficits within the plant. Such deficits are generally inversely proportional 
to the relative humidity and the available soil moisture, and directly propor- 
tional to light intensity, temperature, and air movement. 

In numerous individual measurements maximum growth of both axes 
and leaves was obtained with full exposure to sunlight at 10,000 fe or more. 
Readings were made with a Weston photocell, and intensities as high as 
12,000 fe, obtained with clear sun and reflecting banks of cumulus clouds, 
did not appear to be directly inhibiting for growth. No measurements of 
ultraviolet radiation were made, but, with the generally high relative hu- 
midities (50 to 60 per cent.) prevalent at the time these readings were taken, 
it is probable that values for this fraction were low, particularly in the 
shorter wave lengths which have been shown to be directly inhibiting 
(12, 16). 

Full Iowa summer sunlight does not appear to have any direct effect 
upon growth of plants. Indirectly it increased growth by increasing photo- 
synthesis and raising the temperature. Growth was decreased by excessive 
temperature and by internal water deficits developed in plants under the 
combined effects of sunlight, high absorptive capacity of the air and de- 
creasing soil moisture percentages. Field grown plants were less subject to 
internal water deficits with high soil moisture than greenhouse plants in 
pots. The roots of field plants probably develop a greater absorptive area. 
Water near the plants was used preferentially, and sharp daytime checks 
in growth were observed when the principal absorption was occurring two 
feet from the base of plants with roots three feet or more long. 

Experiments indicating that the expansion of large leaves has the tem- 
perature coefficient of a chemical reaction suggest that the action of auxins 
in increasing the plasticity of expanding cells may be more important than 
turgor pressure in cell enlargement. 

The plants investigated made a greater growth in the daytime when tem- 
perature was the limiting factor, and a greater growth at night when 
moisture was limiting. Very commonly the interaction of these two factors 
produced a double peak of early morning and evening growth. 
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FRUIT GROWTH AND FOOD TRANSPORT IN CUCURBITS 


A.8S. CRearts and O. A. LORENZ 


Recently the writers reported that phloem exudation from cucurbits can 
no longer be considered a manifestation of normal food movement by mass 
flow. This does not mean that the growth of cucurbit fruits will not serve 
as an index of normal food movements, for only upon cutting the plant are 
these processes disturbed. The cultivated cucurbits are convenient to work 
with and grow very rapidly, so that the rates noted should represent the 
upper limits occurring in plants. 

In 1941, CoLWELL (1) collected fruits of Connecticut Field pumpkins of 
five different sizes. From measurements and records he calculated the time 
required to grow from one size class to another. Table I gives the sizes of 
these fruits. 

COLWELL (1) secured further data on these fruits. In his own words: 
‘**For each size of fruit, measurements were made of the total cross-sectional 
area of the fruit stalk, of its total phloem, and of its total sieve tubes. The 
first two values were determined by mounting a fresh cross-section of the 
fruit stalk in water on a slide and projecting its image onto a large piece of 
white cardboard at a magnification of 25 diameters by means of a micro- 
projector. The outline of the phloem groups and of the entire section was 
lightly traced on the cardboard in pencil. The traced image of the whole 
fruit stalk was cut out of the cardboard and weighed, after which the same 
thing was done for the individual phloem groups. A 100-sq. em. area of 
cardboard was also weighed, permitting a calculation of the actual area 
represented by these groups. 

‘‘The total cross-sectional area of the sieve tubes of the fruit stalk was 
similarly determined by tracing all the sieve tubes from portions of phloem 
tissue of the fruit stalk onto white cardboard by means of camera-lucida and 
caleulating from weights of cardboard the percentage of phloem tissue oceu- 
pied by sieve tubes. The average of 10 such determinations indicated that 
20.6 + 5.2 per cent. of the total phloem is occupied by sieve tubes.’”’ 

Reference here is to sieve-tube lumina. Table I includes the results of 
these measurements. 

Knowing the dry weight increments and time periods between the size 
classes and having the measurements recorded in table I, rates of food trans- 
port required for the observed rates of growth may be calculated. Since the 
phloem exudate is not characteristic of the assimilate stream in cucurbits (4) 
and since there is no other basis on which to calculate concentrations more 
rationally, rates are given in terms of the total volume of sieve-tube lumina 
that would be occupied by the increment of dry weight being moved per 
unit of time. Because the sieve tubes are obviously never filled with dry 
food materials, these values must be multiplied by some factor representing 
the proportion of the sieve-tube-lumina volume occupied by foods in trans- 
port. Table II presents the data and calculations. 
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TABLE I 


CROSS-SECTIONAL AREAS OF TOTAL PHLOEM AND OF SIEVE TUBES IN SINGLE FRUIT STALKS 
OF CONNECTICUT FIELD PUMPKIN (COLWELL’S DATA) 

















FRUIT SIZE (ARBITRARY ) 
1 2 3* rr 

Average fresh weight, grams ...... 40 450 | 1,600 6,000 | 10,000 
Total cross-sectional area of fruit 

etalk, 06: Gm. ................ sae 2.40 4.81 | 3.46 4.88 5.00 
Total cross-sectional area of = 

groups, sq. cm. .... 0.125 0.154 0.128 0.255 0.499 
Total cross-sectional area of sieve-tube 

lumina, sq. em. ......... Eis haniiaan ee 0.025 0.031 0.026 0.051 0.100 














* The fruit stalk used for size 3 was small for the size class; the other values seem 
typical. 

Judging from these caleulations of CoLWELL’s data, the fruits studied 
grew rapidly and food transport must have proceeded at speeds difficult to 
conceive in view of the known structure of the phloem. For instance, dur- 
ing growth from size 1 to 5, foods moving by mass flow as a 20 per cent. 
solution would have to traverse the sieve tubes at a linear rate of around 
80 em. per hour; as a 10 per cent. solution, at 160 em. per hour. If the foods 
move by diffusion on or along the parietal protoplasmic layer and through 
the sieve pores via the protoplasmic strands that traverse them, the rates 
would necessarily lie between 800 and 1600 em. per hour. 

To obtain more reliable data on growth rates and food transport, fruits 
of Connecticut Field pumpkin and Early Prolific Straightneck summer 
squash were measured while small, then marked and remeasured at intervals 
during the summer of 1942 by the writers. Finally they were harvested and 
weighed, and the areas of phloem in the fruit stalks were measured by the 
method described above. Table III presents the resulting data. 


TABLE II 


CALCULATED RATES OF FOOD TRANSPORT THROUGH THE SIEVE TUBES OF CONNECTICUT 
FIELD PUMPKIN (COLWELL’S DATA. CALCULATIONS BY THE WRITERS) 











= 
Ser Paseo Acer | 2703 scot | meee: wane 
4 ' 4 - : 
Length of growth period, hours 96.0 | 120.0 | 168.0 288.0 672.0 
Total dry weight increment, | 
grams 22.8 | 65.5 287.0 432.0 807.3 
Dry weight increment, grams per 
OT hie Ld: 237 | 0546 | 1.71 1.50 1.20 
Dry weight increment ml. per | 
hour* | 0.158 | 0.364 1.14 1.00 0.80 
Average area of sieve-tube 
lumina, sq. em. 0.028 | 0.026 0.036 0.075 0.050 
Linear rate of displacement, em. | 
per hour | 5.64 | 14.00 | 31.67 13.33 16.00 











Based on the naempten that ‘the average specific gravity of the pure dry food 
materials is 1.5. 








CRAFTS AND LORENZ: FRUIT GROWTH AND FOOD TRANSPORT 133 


In order to use the values in table III for calculating rates, one must 
establish the relation between the linear dimensions of the fruits and their 


TABLE III 


DIMENSIONS, FRESH WEIGHT, AND FRUIT-STALK PHLOEM AREA OF 
CONNECTICUT FIELD PUMPKINS, 1942 
































Aveust 5 Aveust 25 SEPTEMBER 7, HARVESTED 
| 
FRUIT = = = es 5 r 

mre Terre reliei&@il2@ this 

a 5 a 8 A 8 PS 8 a oe 

4 z 4 z bh z 3 A, & aS 
em. em. | om cm em. em kgm. sq. em sq. cm 
1 5.3 4.8 17 21 17 22 61 1.52 0.129 
2 2.6 2.4 | 19 25 3.96 2.28 0.266 
3 5.1 42 | 22 24 24 26 5.88 1.69 | 0.142 
4 2.9 2.3 | ‘ 21 24 4.07 2.79 0.279 
5 5.0 4.5 24 28 25 37 7.84 2.58 0.246 
6 11.4 10.1 28 29 28 30 8.17 2.44 | 0.358 
7 10.4 9.8 19 23 21 27 4.99 1.95 | 0.231 
8 2.8 2.3 | 20 27 22 28 6.68 1.52 | 0.097 
9 3.5 3.1 21 25 21 25 4.54 2.02 0.149 
10 2.9 2.4 | 36 38 7.49 2.30 0.218 
11 2.2 2.1 | 24 34 9.85 2.66 0.159 
12 3.4 2.7 15 16 1.59 1.61 | 0.124 
13 4.2 3.3 16 17 16 17 1.70 1.87 0.226 
14 6.3 5.5 | 23 33 8.51 1.84 | 0.137 
15 3.6 2.7 34 32 | 4.76 1.72 0.089 
16 6.9 5.8 25 29 26 29 | 7.93 2.66 | 0.289 
17 2.6 2.3 21 20 25 27 | 6.90 1.81 | 0.113 
18 5.2 3.6 23 23 24 23 | 4.65 3.07 | 0.227 
19 3.6 2.5 28 26 34 30 | 9.75 2.19 | 0.187 
20 5.4 5.1 22 28 22 29 | 5.90 2.11 | 0.143 
21 5.3 4.9 19 23 19 2 «€6©|:«63.63 1.56 0.161 
22 2.0 2.0 19 22 20 26 | 4.31 1.22 0.080 
23 4.8 4.8 14 19 16 2 | 3.17 1.57 | 0.122 
24 6.0 5.7 21 29 | 6.80 1.80 0.306 
25 6.8 6.8 20 29 21 29 | 6.35 1.84 0.186 
26 6.2 6.1 20 27 21 30 | 6.68 1.99 0.163 
27 3.6 3.4 19 | 2 | 3.85 1.67 0.143 
28 5.7 4.3 28 | 30 7.93 2.36 0.159 
29 3.9 3.4 21 | 24 4.08 1.39 0.154 
30 6.0 5.5 18 23 3.40 1.44 | 0.167 
31 6.2 5.7 19 24 21 | 25 5.89 2.36 | 0.292 
32 7.6 7.0 | 24 32 26 | 33 748 | 1.75 | 0.153 
33 6.8 6.1 19 25 20 27 4.65 1.53 0.188 
34 5.1 4.3 20 24 20 27 5.10 1.48 | 0.150 
35 5.4 5.4 ae Ee 1.13 1.36 0.118 
36 5.9 5.7 20 | 9327 5.21 3.09 0.359 
37 2.5 2.4 21 | 29 6.12 2.24 0.173 
38 4.3 3.0 30 | 36 7.02 3.33 0.150 
39 4.7 3.4 31 28 9.30 2.42 0.216 
Total 194.1 | 171.4 | 460.0 545.0 881.0 | 1061.0 | 219.87 | 79.03 7.249 
Average 4.98 440 | 20.9| 248 | 226] 27.2 5.64 2.03 0.186 











| 
| 
| 


fresh weights. For this purpose 28 small fruits of Connecticut Field pump- 
kin, covering the range in size represented by the August 5 measurements 
in table ITI, were measured and weighed. 

Some of these small fruits were spherical; others somewhat cylindrical 
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with hemispherical ends. Their approximate volumes can be ealeulated by 
the following formula: 
V =4/3nr* + nr? (1-d) (1) 
where V = volume 
r= radius 
1= length 
d= diameter 


By use of this formula approximate volumes of the 28 fruits were caleu- 
lated and a graph drawn representing the relation between volume and 
weight. Employing this graph and using approximate volumes calculated 
from linear dimensions one may determine the weight of any fruit, the 
dimensions of which come within the limits of those used in making the 
graph. 

Fruit volumes so calculated have proved to be somewhat higher than 
actual volumes, measured by displacement. Since, however, the calculated 
volume is used only as a function of the linear dimensions and not in the 
determination of rates, the errors tend to compensate and they affect the 
rate values little, if any. 

From table III, the fruits measured on August 5 averaged 4.98 em. in 
length and 4.40 em. in diameter. The average volume was 53.5 ml. Check- 
ing this volume against the curve mentioned above, the average fruit 
weighed about 51.5 gm. at the time of marking. The average weight at 
harvest time was 219.87 + 39 x 1000 = 5637.7 em. The gain therefore was 
5637.7 — 51.5 or 5586.2 gm. in the 33-day growth period. At the time of col- 
lecting, the average transverse phloem area was 0.186 sq. em. per fruit stalk. 

The fruits of table III were at about the same stage of maturity on Sep- 
tember 7 as those reported to be size 4 in table V of our previous paper (4). 
On an average, they were somewhat smaller because they had undergone no 
selection, whereas those mentioned in table V had been selected for uni- 
formity at a definite size. 

Fruits of size 4 [table V (4)], had a dry-weight composition of 8.65 per 
cent. Applying this figure to the average fresh-weight increment, the aver- 
age dry weight should have been 5586.2 x 0.0865, or 482 gm. This weight 
divided by 792, the number of hours in the growth period, gives the average 
hourly dry weight increment that moved into these fruits. This value, 0.61 
gm., is the average amount of dry material that moved .uto the fruit each 
hour between August 5 and September 7. Based on a specific gravity of 
1.5, this hourly dry weight increment would oecupy 0.41 ml. 

According to several studies (1, 2, 3, 6), an average value for the propor- 
tion of the total phloem occupied by the sieve-tube lumina is 20 per cent. 
Using this figure, the average phloem value for the peduncles of fruits of 
table III would be 0.186 x 0.2=0.0372 sq. em. Dividing this area into the 
volume representing the hourly dry increment of food transported into the 
pumpkin fruits, the linear displacement rate would be 0.41 + 0.0372, or 11.0 
em. per hour. This is reasonably close to the value of 16.0 found in table II 


from COLWELL’s data. 
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The value given above is an average. Calculating similar values for the 
three largest fruits and for the three smallest, we obtain the following val- 
ues: for the largest fruits 21, 17, and 14 em. per hour; for the three sinallest 
4, 3, and 3 em. per hour. 

These are, of course, lower than any possible real values: they represent 
rates at which pure dry food materials would have to move in order to pro- 
vide for the observed rates of growth. If this food material were moving 
as a 20 per cent. solution, the rates would necessarily be five times the values 
given above; if it moved as a 10 per cent. solution, they would be ten times 
as great; and if it moved as individual molecules, independent of water but 
associated with the cytoplasm, the values must be multiplied by a factor 
between 50 and 100. The rates given above represent, furthermore, aver- 
ages for the total growth period. According to CoLWELL’s data as given in 
table II, the rate during the most active growth period may be approxi- 
mately twice the average rate for the whole period of growth. And even 
this rate does not take into account the diurnal fluctuations, which may be 
appreciable. 

All the fruits reported so far were green during most of their period of 
growth. Photosynthesis is an unknown factor in these calculations, as is 
respiration. To avoid the error from photosynthesis, measurements were 
made on Early Prolific Straightneck squash, whose fruits are cream-colored 
when very young and yellow when mature. Respiration was not measured, 
but the error from it results in underestimation of rates rather than over- 
estimation. Values given in the following pages are, accordingly, on the 
conservative side. 

Following the previous experiment, fruits of Early Prolific Straightneck 
squash were tagged and measured periodically and were finally harvested, 
measured, and weighed. To evaluate the dimension measurements it was 
again necessary to establish the weight-volume relation. This was done by 
collecting 75 squashes, ranging in size from those of recently pollinated 
flowers to mature fruits, measuring and weighing them, and plotting volume 
against weight. 

Thirty-six small fruits were measured and tagged on September 7, mea- 
sured on September 10 and 15, and harvested on September 18, 1942. The 
final harvested weights were obtained directly by weighing; the others were 
taken from the graph mentioned above, using the volumes calculated by 
equation 1. Areas of fruit stalks and phloem were obtained by projecting 
sections and weighing the outlined areas, as described earlier. 

Averages for growth during the three measured periods were obtained 
by subtracting the initial from the final weight values for the periods. These 
averages were 204.6, 477.8, and 186.8 gm. for the three periods, and 869.3 gm. 
for the total growth period. Dividing each by the number of days in the 
period, the average daily growth rates were 68.2, 95.5, and 62.2 gm. for the 
three periods, and 79.0 gm. for the total period. 

To give a clearer view of the growth rates of the individual fruits, table 
IV lists the increments for the three periods measured and for the total 
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growth period, both on the period basis and on the daily basis. Finally, it 
gives a series of values for rate of transport that were obtained by dividing 
the average daily growth increment for the total period by 24 (to put it on 
an hourly basis) and by the area of the sieve-tube lumina or one-fifth of the 
phloem area. These values represent the linear rate, in centimeters per 


TABLE IV 


GROWTH INCREMENTS OF EARLY PROLIFIC STRAIGHTNECK SUMMER SQUASH 
FOR THREE GROWTH PERIODS 





























Sept. 7-10 Sept. 10-15 | Sept. 15-18 TOTAL PERIOD | paws. 
INCREMENT INCREMENT | INCREMENT INCREMENT none 
TotTaL| Dairy | Toran | Dairy TOTAL | DAILY ToTaL | Damy aaa 

gm. gm. gm. gm | gm. | gm. gm. gm. | em./hr. 

1 248 82.8 295 59.0 23 7.8 567 51.6 186.5 
2 350 116.7 208 41.6 77 25.7 635 57.7 148.5 
3 346 115.5 605 121.0 | 67 22.3 1018 92.6 268.0 
4 295 98.3 379 75.8 108 36.0 782 71.1 214.5 
5 361 120.3 167 33.4 48 | 163 576 52.4 147.5 
6 | 376 125.3 598 119.6 141 | 47.0 1115 101.4 306.0 
7 248 82.7 368 73.6 47 15.8 663 60.3 157.5 
8 144 48.0 215 43.0 | 32 | 10.7 381 34.6 85.0 
9} 414 104.8 624 124.8 86 28.8 1125 102.3 339.0 
10 308 102.8 521 104.2 | 137 45.8 958 87.2 204.0 
11 175 58.3 371 74.2 134 | 44.7 680 61.8 176.5 
12 229 76.3 456 91.2 167 | 55.7 854 77.6 294.0 
13 83 27.9 377 75.4 203 67.8 664 60.4 163.5 
14 162 54.0 389 77.8 129 43.0 680 61.8 149.5 
15 63 21.2 493 98.6 151 | 50.5 708 64.4 206.5 
16 55 18.6 431 86.2 206 | 68.8 693 63.0 193.0 
17 104 34.8 670 134.0 498 | 166.0 1272 115.7 238.5 
18 67 22.3 519 103.8 452 150.7 1038 94.4 293.5 
19 128 42.9 510 102.0 189 63.0 827 75.2 245.0 
20 64 21.4 585 117.0 196 65.3 687 62.5 200.5 
21 227 75.7 569 113.8 270 90.2 1066 97.0 243.5 
22 194 64.7 806 161.2 228 76.2 1228 111.7 280.5 
23 422 107.3 717 143.4 | 74 24.8 1213 110.3 377.0 
24 375 125.0 415 83.0 96 32.0 886 80.5 207.0 
25 348 116.1 883 176.6 117 39.0 1348 122.6 327.5 
26 | 252 84.0 529 105.8 306 102.0 1087 98.8 260.5 
27 66 22.1 384 77.0 | 292 97.5 743 67.6 168.0 
28 140 46.9 510 102.0 283 94.5 934 84.9 203.5 
29 117 39.0 589 117.8 231 77.0 937 85.2 219.0 
30 108 36.0 673 134.6 424 108.2 1205 109.6 251.0 
31 214 71.5 427 85.4 64 21.5 706 64.2 239.0 
32 143 47.8 351 70.2 29 9.8 523 47.6 171.0 
33 264 88.3 457 91.4 142 47.5 864 78.6 202.5 
34 79 26.5 408 81.6 320 106.8 808 73.5 194.0 
35 123 41.2 379 75.8 284 94.7 786 71.5 204.0 
36 64 21.3 488 97.6 467 155.7 1019 92.6 182.0 























hour, at which a solution equivalent in dry-weight concentration to the 
larger fruits [table III, (4)] must flow through the sieve-tube lumina to 
provide for the observed rates of growth. They range from 85.0 to 377.0 em. 
and average 268.5 em. These rates are based on a dry-weight composition 
of about 5 per cent. On a pure dry-weight basis this average value would 
be 13.4 em. as compared with our figure of 11.0 for Connecticut Field pump- 
kin and CoLWELL’s figure of 16.0 for the same species. If this food were 
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moving as a 10 per cent. solution, the rate would be around 130 em. per hour. 
If it moved by diffusion along the protoplasm, the rate would be in the range 
of 650 to 1300 em. per hour. 


Discussion 


Many rates of food movement in plants have been given in the literature. 
Since the mechanism of movement is as yet unknown, all such values are 
calculated or estimated by methods like those used above or by measurements 
on viruses, radioactive elements, fluorescent dyes, or other compounds 
assumed to be moving in the phloem but not serving as foods in the plant. 
Though chemical analyses on growing fruits provide reliable data on the 
daily or hourly amounts of dry weight added, the bases for transforming 
these to linear rates are only hypothetical: no one has yet determined 
whether the foods are moving through the total phloem, :hrough the sieve- 
tube lumina, or along the protoplasm. 

If foods move in plants by a mass flow of solution, the rate values found 
in this work must all be multiplied by a factor representing the quotient of 
the solution volume divided by the solute volume. The smallest probable 
value for such a quotient would be around 5, actual values might range to 
10 or more. Using such factors on the rate values found, actual linear 
transport rates for foods in solution would lie between 55 and 160 em. per 
hour for these species. 

If foods move by an activated diffusion process, they must of necessity 
be closely associated with the cytoplasm of the sieve tubes. According to 
present day concepts of sieve-tube anatomy (5), the cytoplasm of the mature 
element occupies a very small portion of the space within the walls; it is a 
thin parietal layer lining the walls and surrounding the large central lumen. 
Providing this picture of sieve-tube structure is accurate, then the rate 
values found in this work must all be multiplied by a factor made up of the 
reciprocal of the proportion of the sieve tube occupied by cytoplasm times 
the reciprocal of the proportion of the cytoplasm occupied by food materials. 
Estimates of cytoplasmic volume of mature sieve tubes lie between 1 and 2 
per cent. of the transverse area; it does not seem probable that foods would 
occupy over 20 per cent. of the cytoplasm during their movement through 
or along it. Such estimates indicate that the factor to be applied to the rates 
ealeulated in this work should be of the order of 100 or more. Such being 
the case, actual linear rates of movement must lie around or above 1000 em. 
per hour during rapid transport of foods. 

The above calculations are only approximate and are designed to provide 
some idea of the order of magnitude of transport rates required to account 
for growth and storage in highly active plants. Though the measurements 
leave much to be desired, they do provide a fairly reliable basis for arriving 
at approximate values for translocation rates. Enough fruits were mea- 
sured to give dependable average values; measurements were taken often 
enough to catch the high rates that occur only for short periods; and 
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analyses were made to show the amounts of the principal food constituents 
that were being moved | tables III and IV (4) }. 

The rates calculated from the measurements are obviously high, for the 
material used was chosen to indicate the upper limits of transport velocity. 
Such studies yield little evidence of the type of mechanism involved. But 
any mechanism proposed to account for food transport must be compatible 
with the observed velocities if it is to care adequately for normal growth 
rates in vigorous plants. 

Summary 


Caleulations based on CoLWELL’s data prove that dry food materials 
would have to pass through the sieve-tube lumina of Connecticut Field 
pumpkin peduncles at an average rate of 16 em. per hour in order to account 
for fruit growth. For a seven-day period the rate was over 31 em. per hour. 

Similar calculations based upon many measurements of fruit and phloem 
areas indicate transport rates of 11.0 and 13.4 em. per hour for Connecticut 
Field pumpkin and Early Prolific Straightneck squash respectively. 

Such rate values, when converted to linear displacement values for solu- 
tions, indicate movement at rates of 55 to 160 cm. per hour for transport by 
mass flow. By activated diffusion along the cytoplasm the above rate values 
indicate diffusion rates of 1000 em. per hour or above. 
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RELATION OF WEATHER CONDITIONS TO ONION BLAST! 


Linus H. JoONneES 


(WITH TWO FIGURES) 


Introduction 


During the recent period including the years of 1925 to 1940 there have 
been seven years in which the crops from onion seed suffered a serious leaf 
injury resulting in low yields. The disease is apparently physiological, for 
there has not been a single instance in either past or recent investigations 
that showed the presence of a pathogen when the plants exhibited the first 
signs of injury. 

The hypothesis that the causal agent is a certain combination of weather 
conditions has been substantiated by observation and also by laboratory 
experiments simulating the environmental factors that approximate the 
weather conditions prevalent preceding and during the appearance of the 
injury. 

Onion blast symptoms 

The symptoms that lead to the diagnosis of the malady as onion blast 
are so evident and appear so suddenly that the word ‘‘blast’’ has been used 
in place of the milder term sunscald. In extreme cases, the tops of the leaves 
will turn white in a few hours, the course of the injury being from the tip 
downward. As the whitened part later turns brown, the remainder of the 
leaf dies gradually over a period of a few days, the rate becoming slower in 
cloudy weather. The most extreme symptom that has been observed is the 
death of the leaf tip without the immediate destruction of the chloroplasts, 
the tip turning to a dark green lacking the whitening that occurs in a less 
sudden death. A milder and more common form of blast symptom is the 
appearance of white spots on the leaves (around the stomata) which gradu- 
ally enlarge as the leaf dies back from the tip. If the weather during the 
onset of blast remains fair, considerable damage results. If, however, 
cloudy weather occurs soon after blast symptoms appear, the plants recover 
to the extent that they seem to adapt themselves to conditions which allow 
a balance between the amount of water absorbed and that lost by tran- 
spiration. 

Environmental factors 

As previously implied, the term blast indicates the suddenness of the 
appearance of the disease. Onion blast has always been observed to coin- 
cide with the occurrence of a few hours of clear, dry weather following a 
prolonged period of cloudy weather accompanied by rains. The injury 
results from a maladjustment to the environment of high light intensity 
(sunshine) following the prolonged period of low light intensity. These 
two environments may be described, in general, as follows. 

1 Contribution no. 436 of the Massachusetts Agricultural Experiment Station. 
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First environment: Subdued light, warm air, and high humidity with 
a very moist soil at a time when the plant is actively growing and bulb 
formation is incomplete. This environment is possible over an extended 
period of cloudy weather with much rain. In such an environment, the 
onion leaves grow rapidly and have a soft texture. The plants are shallow 
rooted and the root system is small in relation to the total area of leaf sur- 
face. Since the cloudy, humid weather does not favor a heavy loss of water 
by transpiration, a small root system in a very moist soil is adequate for 
supplying the needed moisture to the plant. This first environment sets the 
stage and injury will occur when the second environment appears. 

Second environment: Bright sunshine, high temperature, low humid- 
ity. The immediate effect on the onion plant is increased rate of transpira- 
tion, the rate being so rapid that more water is lost than can be absorbed by 
the limited root system. Transpiration at the lower portions of the leaves 
so depletes them of moisture that turgor is much reduced and the upper 
portions become flaccid. The tip portions become whitened because of their 
parched condition and the bleaching action of full sunlight. White areas 
occur around the stomata because water is lost at these points on the leaves 
more rapidly than the limited supply can replace it. The loss from the 
stomata is so rapid that water is also withdrawn from the adjacent cells, 
with the result that these cells are killed. Death of the cells at the tips and 
about the stomata so disrupts the normal function of the leaf that it dies 
back proportionately to the extent of the damage. 

In general, it may be stated that extent of the damage is related to the 
modified or abnormal growth and to the ability of the air to withdraw mois- 
ture from such plants. Thus a root system which is small reduces the abil- 
ity of the plant to replace lost moisture. Hence bright, warm, dry weather 
will cause excessive transpiration followed by tissue dehydration and ocecur- 
rence of blast. 

Observations and experimental work 


A composite record of field observations gives the following general con- 
ditions that are associated with onion blast. The injury appears suddenly 
and is widely extended. It is noticed first in the presence of intense sun- 
light and high temperature. Any increase in the development of the injury 
is on individual plants and not from plant to plant, where there may be 
borderline conditions of injured and uninjured plants. The nature of the 
appearance of the injury—general instead of sporadic—the fact that it 
increases during bright weather, and the apparent lack of evidence of causal 
infection by a pathogen prior to injury all indicate that the disease is physio- 
logical and, therefore, not caused by a parasite. 

Usually, the onset of blast has taken place in July, the middle of the 
month being considered the most critical period. While the weather condi- 
tions that precede blast may affect the quality of the crop from set onions, 
blast does not entirely ruin the crop since harvesting begins within the last 
ten days of the month. On the other hand, seed onions are not ready for 
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harvesting until the middle of August and the effect of blast on this crop is 
so completely disastrous that the seed onion crop may be a total failure. 

In the laboratory, it has been possible to simulate the weather conditions 
believed to be the important factors concerned with governing the type of 
plant development that cannot withstand the sudden transition to the nor- 
mal environment of dry, clear, and warm weather. Onion plants from seed 
were grown in 6-inch flower pots. When the bulbs were fairly well formed 
and still actively enlarging, the plants were deemed ready for use. To 
obtain the environment of subdued light and high humidity, a Wardian 
ease was lined with paper and the bottom covered with a layer of moist 
sphagnum moss. 

At various intervals, potted onion plants were placed in the prepared 
Wardian case and, as weather conditions warranted, these plants were moved 
to an out-of-door situation for the second environment (a fair, dry day and 
a high temperature). In no one experiment was this second environment 
as ideal as the conditions which prevailed in onion blast years. Check 
plants were grown in pots in the regular greenhouse environment and placed 
alongside those which were moved from the Wardian case. The soil was 
kept moist at all times, especial care being taken that when the plants were 
subjected to the second environment, water was added to the soil of both the 
test and check plants. 

A period of no longer than 10 to 14 days was sufficient to so weaken the 
plants in the Wardian case that they suffered tremendously when exposed 
to the brighter and less humid conditions of the second environment. When 
these plants were exposed to strong sunlight on a day of low humidity, the 
first effect on the plants was extreme wilting. Check plants remained up- 
right. Other results of the effect of exposure were not always the same. 
There were times when the surface of the leaf assumed a grayish-white 
color within a few hours. Most frequently it was the tips of the leaves that 
whitened and these leaves died and became brown in the course of a few 
days. The tips, in most instances, died first and the browning area gradu- 
ally descended the whole leaf. In some tests the leaf tips puckered or 
crinkled and became dry without any appearance of the blanching symptoms 
associated with sunscald. They remained a dark green for several days 
after which the chlorophyll disappeared leaving the tips brown. That this 
form of injury was related to lack of water in the leaf was demonstrated by 
severing the root system from check plants. The same type of puckering 
injury resulted, indicating that sunscald, or onion blast, is finally brought 
about by the dehydration of plant tissues which lose more water to the air 
than the root systems can supply. 

Frequently, when the plants wilted and the upper portions of the leaves 
fell at an angle because of lack of turgor, the upper side whitened due to 
exposure to the direct rays of the sun. The lower side remained temporarily 
green but eventually became brown, the damage being sufficient to kill even 
the area protected from direct exposure (fig. 1). 
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A comparative study was made of the plants placed m tne Wardian case 
for 16 days and the plants grown in the greenhouse. The subdued light 
and high humidity caused the leaves to be slightly smaller than those of the 
checks. There were more chloroplasts in the tissue of the leaves which had 





Fie. 1. Sunseald (blast) of onion leaves. 


not been subjected to the subdued light. There was no difference in the 
size of the stomata or the number per unit area of leaf surface in the two 
sets of plants grown under poor and good light conditions. There was, how- 
ever, a marked contrast in the size of the root systems, those of the plants 
grown under subdued light and high humidity being the smaller. 
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Observations made in the field during onion blast years also show a small 
root system. It seems, therefore, quite logical to conclude that when more 
water is transpired from the plants than the limited root systems can re- 
place, water is gradually withdrawn from the tissues in response to the 
evaporating power of the air, and the resulting dehydration of the tissues 
shows itself as sunseald in the laboratory and as onion blast in the field. 


RELATIONSHIP OF PROLONGED CLOUDINESS, RELATIVE HUMIDITY, 
AND HOURS OF SUNSHINE TO ONION BLAST 


A study of official weather records (4) obtained from the region where 
onion blast has been observed, provided a source of data that proved quite 





Fic. 2. Dial chart. The combination of dials may be constructed of heavy paper 
or light weight cardboard by drawing perpendicular intersecting lines and using the 
point of intersection as the center for each cirele. 


useful. Such weather records have limitations in that continuous data for 
a factor are reported as maximum, minimum, mean, or average. In this 
study of the elements of weather there seemed to be certain facts related 
to onion blast that could be shown visually. Graphical representations 
using two or more of these factors led to confusion instead of clarity. The 
thought of superimposing the values of one factor over the values of another 
seemed plausible and thus originated the dial chart. By such superimposed 
dials it is possible to group the weather conditions to which plants and their 
parasites respond. This may be done in terms of beneficial or detrimental 
effects on the plant. In all cases, both good and bad influences are present 
and the dial chart may be used to express and make visual the combination 
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of forces, good or bad, which is likely to prevail. Thus, if the chart is devel- 
oped to show on its colored background the element of sensitivity to disaster, 
a lack of color showing from the data at hand would indicate that one or 
more beneficial elements are sufficiently strong to offset detrimental 
elements. 

In order to present visually and more specifically the range of combina- 
tions of number of cloudy days, average relative humidity, and average 
number of hours of sunshine that precede blast, a dial chart was constructed 
(fig. 2). The background card should have the upper right quarter colored 
(crayon). In the dials, complete areas are cut from the upper right quar- 
ter, these areas being equidistant from the center and equal to each other. 
The whole may be assembled with a pin or rivet. The setting point is at 
top center of background. 

The above dial chart is so arranged that the elements of weather can be 
combined in terms of cloudiness (‘‘days’’ on chart), relative humidity, and 
average number of hours of sunshine. If an area is shown on the back- 
ground card it is expected that onion blast will appear in the field when the 
weather changes to a bright, sunny day with a high temperature and low 
relative humidity. 

Judgment must be used in setting the limits on the dials. Lower limit 
of cloudy weather, in days, was set at 3 thus making the value 4 as the 
minimum period of cloudy days. The maximum was set at +7 as it was 
judged that 8 or more days could be no worse. A period of cloudy weather 
was determined from weather records as 3 or more successive days, each day 
of which had less than 10 hours of sunshine. 

The low limit for relative humidity was set at 75. Since 70 is normal 
for June, July, and August in this region, the figure 75 is not excessive. 
Eighty is the first figure to register and its position is such that it com- 
bines with other factors involved in producing a soft, abnormal develop- 
ment of the onion plant. The maximum of 100 is, of course, obvious. 

The limits for average hours of sunshine were again matters of judg- 
ment, 6 hours being deemed sufficient to prevent excessive growth and soft- 
ness of tissue. 

It will be noted that the position of the figures is such that they are closer 
together as maximum detrimental conditions are involved. 

Lower limits of number of days of cloudy weather (set at 3) and per- 
centage of relative humidity (set at 75) and an upper limit of average hours 
of sunshine (set at 6) were arbitrarily chosen. 

In order to demonstrate by the dial chart that sensitizing the onion plant 
to blast is due to a combination of factors and not one factor, attention is 
directed to a comparison of items in table I. It will be noted that many 
of the periods of cloudy weather (three or more days in succession with less 
than 10 hours’ daily sunshine) in non-blast years (items 18-27) are equal 
to and sometimes longer than cloudy periods of blast years (items 1-17). 
This comparison eliminates cloudy weather as the one and only factor. 
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Neither is relative humidity the deciding factor. In items 23, 24, and 

27, where the average relative humidity figures are 80 in non-blast years, 

there are three periods in the blast years when the relative humidity was 
the same (items 7, 9, and 14). 

A similar comparison can be made to show that the average number of 

hours of sunshine in the period is not the one factor that sensitizes the plants. 


TABLE I 


SAMPLES OF CLOUDY PERIODS IN BLAST AND NON-BLAST YEARS. LENGTH OF PERIOD IN DAYS 
WITH AVERAGE RELATIVE HUMIDITY AND AVERAGE HOURS OF SUNSHINE SHOW 
SIMILARITIES IN THE BLAST AND NON-BLAST YEARS BUT THE EFFECTS 
ON SENSITIZING THE PLANTS TO BLAST MAY BE DETERMINED 
BY THE DIAL CHART 





AVERAGE 














AVERAGE whyeeeae 
ITEM YEAR DATES PERIOD RELATIVE sail a 

HUMIDITY waciaasondiesl 

SUNSHINE 

BLAST YEARS 
| days % | hours 
1 1927 | 5/9-5/27 19 | 90 2.34 
2 7/12-7/2: 12 95 | 5.88 
3 1928 | 5/18-5/30 13 90 | 2.73 
4 6/4-6/7 4 90 | 2.43 
5 6/18-7/2 15 85 3.26 
6 1931 6/7-6/12 6 85 1.31 
7 | 7/6-7/12 7 80 3.95 
8 1935 | 6/3-6/11 9 85 1.99 
9 6/17-6/25 9 80 4.30 
10 7/7-7/10 4 90 3.65 
11 1937 6/18-6/23 6 85 | 3.70 
12 | 6/26-7/3 8 85 3.69 
13 1988 {| 7/18-7/24 | 7 85 | 0.67 
14 1940 | 5/1-5/4 4 80 2.12 
15 5/20-5/29 | 10 85 2.63 
16 6/8-6/13 | 6 90 3.43 
17 7/20-7 /26 7 90 4.94 
NON-BLAST YEARS 

18 | 1929 6/18-6/25 | s 70 | 4.51 
19 6/28-7/10 13 75 5.10 
20 7 /21-7 /29 9 70 7.30 
21 | 1930 | 5/24-5/29 6 70 4.25 
22 1932 | 6/16-6/22 7 75 5.83 
23 1933 | 5/24-6/1 9 | 80 4.90 
24 6/25-6/30 6 | 80 5.02 
25 1934 | 7/24-7/31 8 | 75 4.20 
26 1936 | 6/10-6/15 6 | 75 2.07 
27 1939 | 7/25-7/31 7 | 80 4.73 








Item 26 is low; 2.07 average hours of sunshine and 6 days of cloudy weather. 
Yet in blast years items 11 and 16 had equal periods of cloudy weather and 
more hours of average sunshine. 

In general, a comparison will show that the blast year items have the 
combination of high relative humidity and a relatively lower value for aver- 
age hours of sunshine. 
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The element of air temperature could have been included in the chart 
by adding another dial. It was, however, quite noticeable in the weather 
records that high temperatures usually prevailed when high relative humid- 
ity was present and low relative humidity values were accompanied by low 
temperatures during the cloudy periods. The extra dial for temperature 
would have added little to the value of the chart which should be as simple 
as possible. 

The dial chart is not a measure of the intensity of blast effects. Blast 
follows when the onion plants have been sensitized by weather conditions. 
The degree of sunlight over an extended period of several hours coupled with 
low relative humidity and high temperature are the weather conditions that 
really bring on blast, once the plants have been sensitized. The amount of 
colored background on the dial chart, exposed by the setting of the dials 
according to weather records, gives a measure of the sensitivity of the onion 
plant to blast. 

Discussion 


Wuetzeu (5), and Curnton (1, 2) have published their observations in 
regard to this or a similar type of injury. WHETzEL refers to it as ‘‘ white 
tips.’” Doran and Bourne (3) were able to delay the onset of blast by 
spraying with Bordeaux mixture. Although spraying did inerease the 
yield in a blast year, these investigators concluded that the increase was not 
enough to justify spraying every year. Their observations on onion dis- 
eases and thrips damage pointed, in their opinion, to ‘‘a physiological rather 
than a parasitic cause of onion blast.’’ 

The fact that the injury develops and increases in bright sunshine and 
low humidity is in marked contrast to the inception and spread of parasitic 
diseases w} ‘eh depend upon cloudy days and moist air for an optimum envi- 
ronment. All observations point to, and laboratory experiments confirm, 
the cause of onion blast as the too rapid loss of water from sun-exposed 
tissue after the abnormal development of the plant in subdued light, high 
relative humidity, and high temperature. 

In all probability weather records are rather more closely tied to man’s 
relation with weather than to a complete understanding of the relations 
between plants and weather. Consequently, some guesswork is involved in 
translating weather records, as published, to a system useful for correlating 
plant responses. The idea of handling the elements of weather as super- 
imposed dials must, to a great degree, include judgment and leeway. This 
type of chart should prove useful in balancing plant development with 
weather or other growth factors. It should also prove useful in forecasting 
the spread of disease from initial infections and give a fair opportunity to 
estimate the probable extent and seriousness of the damage. Thus, a basis 
would be available for determining more accurately the timing of spraying, 
particularly in connection with crop development and current weather. 
Sporulation of disease and its dissemination would most certainly come 
under more than one weather condition. 
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Summary 


A physiological disease of onion leaves, called blast, is described. 

The injury, in the nature of sunscald, results from the inability of the 
onion plant to adjust itself immediately to bright sunshine, high tempera- 
ture, and low relative humidity, following a period of cloudy, wet weather 
concomitant with high temperature and high relative humidity. 

Abnormal development of the plant in terms of soft tissue and a small 
root system during the subdued light period restricts the ability of the roots 
to replace the lost moisture which occurs when optimum conditions for 
transpiration appear. Tissue dehydration follows, especially in the areas 
exposed to direct sunlight. 

The extent and seriousness of the injury is dependent upon the intensity 
of the two environments in relation to each other, and upon the stage of 
development of the crop. 

Field observations have been supplemented with laboratory tests in 
which simulated weather conditions were employed. Sunseald, or blast, 
could be produced at will in the laboratory work. 

A study of local weather records supplied data from which certain fig- 
ures of cloudy weather, relative humidity, and hours of sunshine could be 
combined, indicating that blast would occur when this combination was 
changed to one of bright, sunny weather, high temperature, and low relative 
humidity. 

The combinations of the first environment may be made visual by super- 
imposing dials, each one of which can be adjusted according to the weather 
factor it represents. 

The dial chart is described and explained. 


The writer wishes to express his appreciation to Dr. W. G. Cotsy for 
helpful suggestions. 
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SEMI-MICRO ESTIMATION OF REDUCING SUGARS 


H. WEINMANN 


Introduction 


The estimation of sugars is a matter of interest to every worker engaged 
in the study of carbohydrate metabolism and related problems. In order 
to be of any real value a method must not only allow the determination of 
relatively small amounts of sugars with sufficient accuracy, but should also 
be rapid, and thus permit of a large number of determinations being carried 
out in a short time. Semi-micro modifications of the Munson-Walker- 
Bertrand method (1, 5) have been elaborated by ILsmy (2) and WimpMAN 
and Hansen (7) with the object of satisfying these demands as nearly as 
possible. The method of WimpmaAn and Hansen unfortunately requires 
apparatus which is not available in every laboratory. ILJIN’s modification 
attracted the writer’s attention on account of its simplicity. 

In ILgm’s method centrifuge tubes containing 6-ml. aliquots of the sugar 
solution and 6 ml. of Fehling’s solution (of a higher concentration than used 
in the original Munson-Walker method) are heated in a boiling water-bath 
for ten minutes. After cooling, the precipitate is separated from the liquid 
by centrifuging, washed, and dissolved in acid ferric ammonium sulphate 
solution. The latter is then titrated with potassium permanganate solution. 


Preliminary experimentation 


When Iljin’s method was tried out in the writer’s laboratory consis- 
tently low values were obtained. It was first thought that these low values 
were due to the reduced boiling temperature of water (94° C.) at the alti- 
tude of Johannesburg (5,740 feet above sea level). The same low values 
were, however, obtained when the copper reduction was carried out in an 
oil-bath kept at 100° C. It was then decided to re-standardize the whole 
method, and at the same time to introduce a number of modifications which 
would render it simpler, more accurate and more rapid. 

For all further experiments 5-ml. aliquots of sugar solutions and 5 ml. 
of Fehling’s solution (composed of equal parts of A and B), of the same 
concentration as employed in the ordinary Munson-Walker method, were 


TABLE I 


EFFECT OF HEATING TIME ON COPPER REDUCTION BY GLUCOSE 




















MG. GLUCOSE MG. COPPER REDUCED BY HEATING FOR 
PER 5-ML. aa - ——_—____—__— ——______—__—— 
ALIQUOT 3 MINUTES 5 MINUTES | 10 MINUTES 
mq. mg. mg. 
18.18 33.6 34.0 34.2 
10.65 20.3 20.4 21.0 


1.82 2.81 2.91 2.97 

















WEINMANN: ESTIMATION OF REDUCING SUGARS 149 


used. In order to find out whether the ten-minute period of heating in 
boiling water could be shortened, a series of pure glucose solutions were 
heated with Fehling’s solution for periods of three, five, and ten minutes, 
respectively, and the amounts of reduced copper were determined (table I). 

As can be seen from these figures little reduction took place after three 
minutes of heating, the reduced copper values for three minutes heating 
time being only 5 per cent. or less lower than those which were obtained 
with heating for ten minutes. Hence it appeared permissible to reduce the 
heating time from ten minutes to three minutes, particularly since a simple 
means was found of keeping to this time very accurately. 

The modified procedure which was finally adopted as a result of further 
experiments is here outlined. 


Solutions and apparatus required 
SOLUTIONS 


Fehling’s A and B, equal proportions of which are mixed before use. 
Acid ferric ammonium sulphate solution. An (approximately) 0.05N 
potassium permanganate solution, which is standardized against dry, purest 
sodium oxalate. All solutions are prepared as directed by Loomis and 
SHuLL (3). 

APPARATUS 


Apart from the ordinary equipment available in every laboratory the 
following are required: 1. A centrifuge for use with 15-ml. taper-end tubes, 
and capable of making at least 2000 r.p.m. The writer used an Adams 
Senior electric centrifuge, holding six tubes, for all experiments. This was 
always run at full speed, ‘.e., approximately 2700 r.p.m. 2. A small basket 
of wire mesh, large enough to hold one set of centrifuge tubes, and provided 
with a handle so that it can be suspended from a retort stand. Such a basket 
is easily made. This wire basket is used for immersing the centrifuge tubes 
containing the sugar-Fehling’s mixture in the boiling water-bath. In this 
way, not only can all tubes of one set be handled simultaneously, but it is 
also possible to observe the heating time with the greatest accuracy. 


Procedure 


Pipette 5-ml. aliquots of the solution to be tested into 15-ml. centrifuge 
tubes. This volume of liquid must not contain more than 20 mg. of glucose 
or an amount of other reducing sugars of equivalent reducing power. If 
the solution contains more than 20 mg. of glucose in 5 ml. liquid, use smaller 
aliquots, and make up to 5 ml. with distilled water. Add 5 ml. of the mixed 
Fehling’s solutions. Place the tubes in the wire-basket and immerse them 
in a boiling water-bath for exactly three minutes, attaching the wire-basket 
to the clamp of a retort stand. The volume of the water-bath and of the 
water must be sufficiently large for the water not to stop boiling when the 
tubes are immersed. The level of the liquid in the immersed tubes should 
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be slightly below the level of the boiling water. The water should only boil 
gently to prevent water splashing into the tubes. 

At the end of three minutes place the wire basket holding the tubes into 
a beaker filled with running tap-water, and leave them there for three min- 
utes. Then centrifuge for three minutes at 2000 to 3000 r.p.m. Using a 
small-bore glass tube, whose lower end is bent upwards and whose upper 
end is connected by means of a rubber tube to a suction flask and suction 
pump, carefully siphon off the supernatant liquid, leaving, however, ap- 
proximately 0.5 ml. of liquid covering the precipitate in the tube. By gentle 
shaking and tapping disperse the bulk of the precipitate in the remaining 
0.5 ml. liquid, and break it up as completely as possible by running in 12 
ml. of distilled water in a strong jet from a burette. Any precipitate cling- 
ing to the walls should also be washed down by this means. 

Centrifuge again for three minutes, siphon off, and wash as before. 
Centrifuge for a third time for three minutes, and again siphon off the 
supernatant liquid. After the precipitate has again been dispersed in the 
remaining 0.5 ml. liquid, vigorously blow in 5 ml. of acid ferrie ammonium 
sulphate solution from a pipette, thus dissolving the precipitate. 

If the whole precipitate does not dissolve immediately, as is the case par- 
ticularly with larger precipitates, place the tubes for a few minutes in a 
beaker of hot water. Stir up any undissolved precipitate with a 5-ml. 
pipette. Suck up the liquid several times into the pipette, and allow it to 
run back again into the tube, at the same time rinsing the entire inner sur- 
face of the tube in order to dissolve any precipitate that may adhere to the 
glass. Wash the pipette into the tube with a little distilled water. Trans- 
fer the contents of the tube quantitatively into a small Erlenmeyer flask 
with a few washings of distilled water from a wash bottle, and titrate with 
the potassium permanganate solution to the faintest permanent pink. 

For the estimation of amounts of glucose less than 1 mg. a 0.01 N per- 
manganate solution should be used, titrating with a 5-ml. micro-burette. 
This dilute solution should not be stored long, but can be prepared rapidly 
before use by diluting the 0.05 N KMn0O, solution. A 10-ml. micro-burette 
is also advantageously used for the determination of higher amounts of 
glucose (up to about 16 mg.) when titrating with the 0.05 N KMn0O, solu- 
tion. Duplicates will, in general, check within 0.05 ml. even with the more 
dilute permanganate solution. The most accurate and consistent results are 
obtained with amounts of glucose ranging from 1 to 10 mg. Amounts of 
glucose lower than 1 mg. can be accurately determined to the nearest 0.1 
mg. only; such low concentrations should be used only if unavoidable or 
if no great accuracy is required. 

Blank determinations (using 5 ml. of distilled water in place of the sugar 
solution) should be carried out from time to time. The blank values, which 
are subtracted from the titration values, will, however, not usually exceed 
0.3 ml. of 0.01 N KMn0O, solution or 0.06 ml. of 0.05 N KMn0Q, solution 
(equivalent to approximately 0.1 mg. glucose). For many practical pur- 
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poses, particularly if higher concentrations of reducing sugars are used, 
blank values may be neglected altogether. 

From the quantity of reduced copper the amount of glucose is found 
by reference to table II. This table was computed from the results of a 
large number of determinations on solutions of pure, anhydrous glucose 
(B.D.H. Laboratory Reagent). The latter was stored in a vacuum desic- 
cator over phosphoric oxide for several weeks before being used. 

When using a centrifuge holding six tubes it is possible to complete six 
determinations in ? hour to one hour. With the help of an assistant a new 


TABLE II 


COPPER-GLUCOSE EQUIVALENTS, MODIFIED ILJIN METHOD 





Me. Cu MG. GLUCOSE Me. Cu MG. GLUCOSE 

mg. mg. mg. | mg. 
2 0.1 11.6 6.0 
0.4 0.2 12.5 7.0 
0.6 0.3 15.5 38.0 
0.8 0.4 17.4 9.0 
1.0 0.5 19.3 10.0 
1.2 0.6 21.2 11.0 
1.4 0.7 23.1 12.0 
1.6 0.8 25.0 13.0 
1.8 0.9 26.9 14.0 
2.0 1.0 28.8 15.0 
4.0 2.0 30.7 16.0 
5.9 3.0 32.5 17.0 
7.8 4.0 34.3 18.0 
9.7 5.0 36.0 19.0 
37.6 20.0 





set can be started every } hour, and thus twelve determinations can be made 
in one to 1} hours. 
Experimental data 
TESTS WITH PURE SUGAR SOLUTIONS 

In many phases of plant physiological research, where a separate esti- 
mation of individual sugars is not required, it is customary to calculate total 
reducing sugars as glucose. The question arises as to whether this pro- 
cedure is justified, and particularly, whether different methods give com- 
parable values. In order to investigate this question, solutions of eight of 
the most important reducing sugars, including the two reducing disac- 
charides, lactose and maltose, were tested both by the original Munson- 
Walker-Bertrand method and by the new modification. Glucose was in- 
cluded in this series as a check. Dry and pure preparations of these sugars 
were used, and in each case three different concentrations were tested, rep- 
resenting the lower, medium and higher part of the range. The reducing 
power of these solutions was then calculated as glucose from the copper- 
glucose curves of the method employed, and expressed as a percentage. 
The results are given in table ITI. 
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In most cases, the agreement in the glucose values as found by the two 
methods was very good, though with some sugars (fructose, galactose, and 
xylose) slightly lower values were obtained with the macro-method. The 
differences are, however, small enough to be considered to be of the mag- 


TABLE III 


REDUCING POWER OF PURE SUGAR SOLUTIONS AS DETERMINED BY THE MODIFIED ILJIN 
METHOD (A) AND BY THE MUNSON-WALKER-BERTRAND METHOD (B) 


MONOSACCHARIDES 












































PERCENTAGE FOUND AS GLUCOSE 
SuGAR — oat: 0 eo By 
A B 
% % % 
Glucose 0.330 0.324 0.326 
0.101 0.102 0.099 
0.0101 0.0101 0.0096 
0.304 0.279 0.267 
Fructose 0.101 0.092 0.088 
0.0101 0.0102 0.0088 
0.317 0.290 0.286 
Galactose 0.106 0.098 0.091 
0.0106 0.0102 0.0092 
0.186 0.168 0.172 
Mannose 0.075 0.066 0.069 
0.0075 0.0066 0.0069 
0.297 0.300 0.303 
Arabinose 0.099 0.101 0.098 
0.0099 0.0099 0.0094 
0.166 0.166 0.161 
Xylose 0.066 0.067 0.063 
0.0066 0.0066 0.0063 
DISACCHARIDES 
PERCENTAGE : PERCENTAGE 
olla FOUND AS FOUND AS 
SUGAR _— _ GLUCOSE DISACCHARIDE RaTIo 
Cr i oe Be B 
| % Be. % | %o % 
Maltose 0.521 | 0.272 0.275 0.497 1.92 
C,.H..0,, + H.O 0.210 | 0.106 0.105 0.198 1.98 
0.0210 | 0.0106 0.0099 0.0160 1.98 
Lactose 0.481 0.315 0.320 0.470 1.53 
C,.H..0;, + H,O 0.193 0.125 0.122 0.187 1.54 
0.0193 0.0123 0.0120 0.0182 1.57 





nitude of ordinary experimental error. It may be concluded that the two 
methods produced results which are well comparable for all practical 
purposes. 

Comparing the actual sugar percentages used with the apparent glucose 
values found, good agreement was generally obtained for the monosac- 
charides with the semi-micro method, though somewhat low values were 
obtained for fructose, galactose, and mannose. The macro-method yielded 
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slightly low values for mannose and xylose, and still lower values than the 
new modification for fructose and galactose. Out of the 18 tests made on 
monosaccharide solutions, in 13 cases the glucose values found by the semi- 
micro method approach the sugar percentages used more closely than do 
the results obtained with the original Munson-Walker-Bertrand method. 
All deviations from the ‘‘expected’’ values are small, and it appears per- 
missible from the practical point of view to calculate the sugar content of 
such solutions, or their mixtures, as glucose. 

Entirely incorrect values are, however, obtained if lactose or maltose are 
calculated as glucose, on account of the lower reducing power of these disac- 
charides. Lactose is of little interest to the plant physiologist since it has 
not been detected in plants (6). Maltose, however, appears to oceur widely 
distributed in plants, though generally in very small quantities. It is found 
in greatest amounts in germinating starchy seeds (4). When lactose and 
maltose were calculated as glucose, agreement between the two methods was 
found to be very good. The values obtained with the macro-method, and 
caleulated as lactose and maltose respectively from the original Munson- 
Walker curves, are low, however. 

The figures given in the column of table III, headed ‘‘ratio,’’ represent 
the ratios of disaccharide concentration used: apparent glucose concentra- 
tion found by the modified Iljin method. As will be seen, this ratio is more 
or less constant for different concentrations of the same disaccharide. The 
small differences found in the tests with different concentrations are con- 
sidered to be due to experimental error. It is hence possible, when an- 
alyzing solutions which contain either lactose or maltose in the absence of 
other reducing sugars, to calculate the actual concentration of the disac- 
charide with sufficient accuracy by multiplying the apparent glucose value 
with the appropriate factor. The mean of the three values is proposed as 
a tentative factor, viz., 1.96 for maltose, and 1.55 for lactose. Both factors 
refer to the erystallized disaccharide, containing one molecule of water of 
crystallization. 

TESTS WITH PLANT EXTRACTS 


For a more practical test of the reliability of the new modification, ex- 
tracts were prepared from a number of plant materials. Aliquots of the 
extracts were hydrolyzed, and unhydrolyzed and hydrolyzed aliquots of the 
extracts were used for the determination of reducing and total sugars respec- 
tively by both the macro- and the semi-micro method. Non-reducing sugars 
were found by subtraction (total sugars— reducing sugars) after the neces- 
sary corrections for preceding dilutions had been made. Both reducing and 
non-reducing sugars were calculated as glucose, and expressed as per- 
centages of the analyzed extracts (not of the original materials). These 
values are given in table IV. 

Here again good agreement was, in general, achieved in the results of 
the two methods. There are, however, several exceptions: the reducing 
sugar values of the extracts from bean leaves, grass roots, Eucalyptus 
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TABLE IV 


SUGAR CONTENT OF VARIOUS PLANT EXTRACTS AS DETERMINED BY THE MODIFIED ILJIN 
METHOD (A) AND BY THE MUNSON-WALKER-BERTRAND METHOD (B) 
































PERCENTAGE REDUCING PERCENTAGE NON-REDUCING 
MATERIAL SUGARS SUGARS 
A | B A B 
4 ee % % 
RTs SUAS a REE 0.190 0.188 0.005 0.005 
PO” ees eee “4 0.151 0.149 0.042 0.041 
Ge ees 0.065 0.063 0.083 0.082 
Maize leaves. ...cccccccceo 0.035 0.037 0.013 0.012 
Bean leaves 0.006 0.021 0.021 0.025 
Dried pasture herbage .... 0.020 0.028 0.065 0.066 
Grass rocts* ....................... 0.001 0.002 0.019 0.018 
Grass roots;* starch 
hydrolysate 2.0.00... 0.058 0.055 
Grass roots;* polysac- 
charide hydrolysate 0.110 0.111 
Eucalyptus manna .... 0.002 0.004 0.158 0.153 








* Sample consisting of the roots of several indigenous South African grasses. 


manna and (to a lesser extent) of the dried pasture herbage show relatively 
unsatisfactory agreement. Since the two methods gave comparable results 
with all the pure sugar solutions tested, it might be suspected that these 
discrepancies were due to the presence of other reducing substances, whose 
reducing power might vary under different conditions. On the other hand, 
it will be noticed that all discrepancies occurred with very low sugar 
concentrations. 

In order to find out whether the accuracy of both methods is affected 
by the concentration of the extract used, a number of different dilutions 
were prepared from two of the extracts. The extracts used for this series 
were the grass root polysaccharide hydrolysate and the Eucalyptus manna 
extract. Of the latter material a new, more concentrated extract was pre- 


TABLE V 


EFFECT OF THE RELATIVE CONCENTRATIONS OF EXTRACTS ON THE ACCURACY OF THE MODI- 
FIED ILJIN METHOD (A) AND OF THE MUNSON-WALKER-BERTRAND METHOD (B) 


PERCENTAGE REDUCING SUGARS FOUND 


ATIVE See an 
RELATIVE POLYSACCHARIDE 


JUCALYPTUS MANN: 
CONCENTRATION F owen . 





OF EXTRACT HYDROLYSATE EXTRACT 
A B | A B 

1 0.110 0.111 0.096 0.102 

1/2 0.113 0.111 0.095 0.102 

1/5 0.114 0.110 0.095 0.101 

1/10 0.117 0.106 0.088 0.086 

1/50 0.073* 0.110* 0.054* 0.070* 
1/100 0.050* 0.056* 


! 


* Values obtained by extrapolation of copper-glucose curves. 
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pared, while in the case of the polysaccharide hydrolysate the original 
extract (the reducing sugar values of which are given in table IV) was 
used. Aliquots of these extracts were diluted to twice, five times, ten times, 
fifty times, and one hundred times their original volume. The percentages 
of reducing sugars in these aliquots were determined by both methods; and 
in order to make all results comparable, the values were multiplied by the 
corresponding dilution factor (viz., 1, 2, 5, 10, 50, and 100 respectively). 
The results are given in table V. 

Practically identical results were obtained by both methods with all 
higher concentrations, down to 1/10 of the original concentration. Agree- 
ment was better for the polysaccharide hydrolysate than for the Eucalyptus 
manna extract, for which somewhat low values were also obtained with the 
relative concentration 1/10. The Eucalyptus manna extract was an un- 
cleared aqueous solution, containing small amounts of colloidal matter. 
Inaccurate results and poor agreement were obtained with concentrations 
below the actual range of either method with both extracts. 

Although the possibility cannot be rejected that with some extracts dif- 
ferent values may be obtained by the two methods, it would appear that at 
least some of the above-mentioned discrepancies are merely due to errors 
resulting from the use of very low concentrations. By choosing a suitable 
concentration well within the required range it should be possible to obtain 
reliable results with most extracts, particularly if the latter are well cleared. 


Summary 


1. A new modification of ILJmN’s semi-micro method for the determina- 
tion of reducing sugars is described. The method uses 5-ml. aliquots of the 
unknown solution, and allows amounts of glucose ranging from 0.1 mg. to 
20 mg. to be estimated accurately to the nearest 0.1 mg. 

2. Experimental data are presented which show that for six monosac- 
charides the method gives values which are acceptable for practical pur- 
poses. Factors are given for the calculation of lactose and maltose. 

3. Determinations of reducing and non-reducing sugars in a number of 
plant extracts by the new method yielded values which in most cases checked 
well with those obtained by the Munson-Walker-Bertrand method. Certain 
discrepancies in the results of the two methods were investigated. 
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USE OF ROOT PRESSURES IN DETERMINING INJURY TO ROOTS 
BY CULTIVATION? 


O. A. LEONARD 


A rapid method is desirable for determining the injury to roots caused 
by cultivating plants in different ways and with different implements. No 
satisfactory procedure of studying injury to roots by cultivation has been 
developed. Cultivators form such irregular patterns, in cultivating soil, 
that direct determination of injury to roots is difficult. 

The method to be described is comparative. Positive root pressures are 
used in the method. Manometers are used to measure the pressures at which 
water is foreed into the xylem. If some roots are cut, the pressure will drop 
until the rate of entry of water is sufficient to maintain a certain pressure, 
and in addition, to maintain a certain rate of water flow from the cut roots 
into the soil. It is logical to suppose that the degree of injury to roots 
(amount of xylem cut) would affect both the rate at which water is lost from 
the cut roots, and the root pressures. 

The writer is aware that the method is neither entirely satisfactory nor 
perfect. It is assumed, however, that the principles upon which the method 
rests are sound, and that the results can give a better insight into injuries 
to roots resulting from cultivation than has previously been possible. 


Procedure 


Cotton plants were detached with square cuts below the cotyledons, and 
short pieces of tight-fitting rubber tubing placed on the stumps, using rubber 
tubing expanders. Usually more plants were thus treated than were needed 
since some of the stumps failed to exude water. Capillary Pyrex, U-tube 
like manometers of a sufficient length to measure 45 cm. of mercury were 
attached to 10 exuding cotton stumps in each test. 

After the manometers were attached, usually about 10 minutes were 
required for the root pressures to become sufficiently stable for use. The 
upper and lower portions of the mercury were rapidly marked, using a wax 
pencil. The root pruning instrument (cultivator or knife) directly followed 
the above operation. In approximately two minutes the top of the mercury 
column was again marked with a wax pencil and the change in height of the 
mereury measured with a centimeter rule. Readings were taken on similar 
but uneultivated plots to check on the natural variations in root pressures 
that occurred during the experimental period of two minutes. 

1The preliminary experiments were conducted by TILDEN EASLEY in 1938. The 
work was conducted in connection with a weed control and tillage project, supervised by 
T. N. Jones. Published with the approval of the Director, Mississippi Experiment Sta- 
tion, as paper no. 72. New series. 
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Results 


EFFECT OF TIME AFTER CUTTING ROOTS ON ROOT PRESSURES 

The data in table I were collected on the West Point, Mississippi, Experi- 
mental Farm. The soil type was Houston clay. The cotton was two months 
old, the plants 12 inches tall, the tap roots 12 inches deep, and the longest 
roots traced were 20 inches long. There were almost no roots below five 
inches ; the water table was about 18 inches deep; and the soil oxygen values 
low, as judged by later studies on the same soil. 

About 10 manometers were used in each test, and at the same time a 
similar number of manometers on undisturbed ground was used as checks. 
The soil had been cultivated about a week previous to the experiment, which 
greatly reduced the number of roots in the upper 2 inches of soil. The soil 


TABLE I 


EFFECT OF TIME AFTER A ROOT PRUNING* EXPERIMENT ON CHANGES IN ROOT PRESSURE 
































PERCENTAGE DECREASE OF PRESSURE 
Num- | _ | CHANGE |, CHANGE CHANGE 
Texat- BER OF — om ( — - peep: — 
MENT PLANTS te PRES- wo. | PRES- PRES- 
TESTED po SURE : rer | SURE pe ent SURE 
2 MIN. —s tion. |} —- 17 MIN. — 
CHECK | CHECK CHECK 
Pe eS LS ae Base: | : r-eee ae 
%o % % % % % 
Check ........... 32 1 0 se 0 17 0 
1” deep x 6” 
from row..... 10 | eo -4j 4 6 -1 
2” deep x 6” 
from row..... 10 3 2 7 0 
4” deep x 6” 
from row... 8 96 95 97 90 | 100 83 
1” deep x 12” | | 
from row.. 9 4 3 | 12 5 20 3 
2” deep x 12” 
from row..... 10 7 6 | 13 7 20 3 
4” deep x 12” | | 
from row | 10 43 42 | 54 47 59 42 





* The soil was cut with a knife at various depths and distances from the cotton rows 
to obtain variable changes in pressure. 
was cut with a heavy knife parallel to the cotton rows and at the indicated 
depths and distances from the plants. 

Root pressure readings were taken after 2,7, and 17 minutes. As can be 
seen in table I, the 2-minute period gave less time for natural variations 
in the root pressures to influence the results than did the 7- and 17-minute 
intervals. When compared with the check, almost the entire change in root 
pressure occurred within the first 2 minutes after the roots were cut. Ap- 
parently, 2 minutes was sufficient time for the root pressures to have ap- 
proached sufficient stability for measuring changes in root pressure. 

The data show that the root pressures were not appreciably affected, ex- 
cept by eutting the soil about 4 inches deep. The most marked reduction in 








LEONARD: ROOT PRESSURE AND ROOT INJURY 159 


root pressures occurred by cutting the soil about 4 inches deep, 6 inches away 
from the plants. The data on changes in root pressures correspond with the 
observations on root distribution. 


RELATIONSHIP BETWEEN PERCENTAGE DECREASE IN ROOT PRESSURES AND 
PERCENTAGE OF ROOTS CUT 


A few observations on the relationship between decrease in root pressure 
and injury to roots were made, using plants grown in nutrient solutions. 
These results indicated that both the number and size of the roots cut affected 
the percentage decrease in root pressure. 

Some experiments were conducted in a cotton field to obtain more exact 
information on the relationship between the percentage decrease in root 
pressures and in the percentage of roots cut. The cotton tested was on a 
plot of uncultivated Houston clay soil with the weeds controlled by hoeing. 


TABLE II 


RELATIONSHIP BETWEEN THE PERCENTAGE DECREASE IN ROOT PRESSURE* 
AND THE PERCENTAGE DISTRIBUTION OF ROOTS (BY WEIGHT) ft 








DECREASE IN ROOT FRESH WEIGHT OF ROOTS 

DEPTH eats 9 ee ~ 
PRESSURE (2 MIN.) IN UPPER 0 INCHES 
slated dteeiaickedaisshietcaniniienniaasoilipiasiihe ‘ } a eS EE Sa 

%o % 
1” 0 0 
2” 15.8 15 
3” 33.6 42 
4” 50.0 66 
5” 76.8 | 100 





* Each reading is the average from 15 different plants. 

t The percentage distribution of roots is the average from 15 different plants. 
The plants were 2} months old, 14 inches high, and had some roots as deep 
as 24 inches in the soil but with most of the roots less than 18 inches deep. 

Manometers were attached to 75 different cotton stumps, 15 for each 
depth to be tested. The soil was cut vertically with a large knife, 6 inches 
from the plants, parallel with the cotton rows. The cuts were 1 foot long 
and 1, 2, 3, 4, and 5 inches deep. The manometers were read 2 minutes after 
each cut was made and were then disconnected. The root pressures, which 
were unusually high, varied from 40 to 60 cm. of mercury in the above test. 

In order to compare the percentage decrease in root pressures with per- 
centage of roots cut, rectangular samples of soil 6 to 10 inches from the rows 
and 1 foot long were taken at 0 to 1, 1 to 2, 2 to 3, and 4 to 5 inch depths; 
thus each sample contained the roots in 48 cubic inches of soil. The soil was 
washed through a fine screen, the roots picked off of the screen with forceps, 
washed, the excess water removed with filter paper, and weighed. Fifteen 
different plants were sampled and all of the weights kept separate, so that 
the variability between different plants could be determined. The results 
are shown in table IT. 
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When the soil was cut 1 inch deep, there was no change in root pressure 
and there were no roots cut. A cut 2 inches deep resulted in a decrease in 
root pressure of 15.8 per cent. and in 15 per cent. of the roots cut in the 
upper 5 inches of soil. Soil cuts made 3, 4, and 5 inches deep resulted pro- 
gressively in greater decreases in root pressure and progressively in greater 
percentages of roots cut. 

A relationship is established between the quantity of roots cut and in the 
percentage decrease in root pressure. A given percentage decrease in root 
pressure appears to be about in direct proportion to the weight of roots cut. 
Considerable variability was noted between different plants in percentage 
changes in root pressure, although the root pruning operations were iden- 
tical. These same differences between different plants were apparent in the 
weights and distribution of roots, as determined through soil sampling. 
Plants that appeared identical did not necessarily have their roots dis- 
tributed laterally in the soil in exactly the same manner. 


RECOVERY OF ROOT PRESSURES AFTER A CULTIVATION 


In a cultivation test, the root pressure averaged 24.7 cm. upon a plot that 
had never been cultivated, while upon a plot that had been cultivated 7 days 
previous to the test, the pressure averaged 25.1 cm., or essentially the same 
values. Directly after being cultivated, the pressure on the cultivated plot 
was only 34 per cent. of the uncultivated plot; 24 hours later it was 59 per 
cent. of the uncultivated plot. Almost identical results were obtained in 
another test. 

These data indicate that root pressures recover rapidly after a cultiva- 
tion. Complete recovery in pressures had occurred in 7 days. 

CULTIVATION TESTS 

These tests were conducted on Sarpy sandy loam soil at the Delta Branch 
Experiment Station, Stoneville, Mississippi. 

Table III shows the results of a cultivation test that was made after a 
rainy period of three weeks during which time it was not possible to eulti- 
vate. The plants were about 2 feet high, tap roots 24 inches deep, and 
lateral roots about 30 inches long. The fresh weights of roots from the uncul- 
tivated plot, taken at 2-inch intervals, showed a fairly uniform distribution 
with depth. In general, the subsoil had as high a base exchange capacity, 
and was just as fertile, as the surface soil. The soil oxygen percentages 
were close to 20 per cent. at all depths studied from 8 inches to 6 feet. The 
above factors probably account for the fairly uniform distribution of cotton 
roots. 

The cultivation tests were: (1) no cultivation; (2) deep cultivation 
(6”); (3) shallow cultivation (3”); (4) dise cultivation (2%); and (5) 
harrow cultivation (1”). The depths of cultivation are estimates since the 
exact depths were difficult to determine. The data show that the more 
deeply cotton was cultivated, the greater was the reduction in root pres- 
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TABLE Ill 
EFFECT OF DIFFERENT METHODS OF CULTIVATING COTTON* UPON ROOT PRESSURES. 
SARPY SANDY LOAM 


w 





METHOD OF CULTIVATION PERCENTAGE DECREASE OF ROOT 
PRESSURE IN 2 MINUTES 

%o 
Check ea oS 1 
Cultivate deep (6”) tractor 72 
Cultivate shallow (3”) tractor 53 
| So ae 32 
Harrow (1”) spike tooth 26 


* The cotton had not been cultivated for three weeks because of wet weather. 


sure. Since the cotton had been cultivated 3 weeks previously by the same 
implements and at the same depths, the roots injured were less than 3 weeks 
old. 

Table IV shows the results of another test conducted on the same soil 
as the one in table III, but after a dry period when it was possible to eulti- 
vate each week. The plants were about 15 inches tall, the tap roots about 
22 inches deep, and some laterals about 20 inches long. The top soil was 
moderately dry. The results show that deep cultivation resulted in no more 
injury than harrowing, the shallowest method used. The fact that the eulti- 
vations were one week apart apparently did not allow sufficient time for 


TABLE IV 
THE EFFECT OF DIFFERENT METHODS OF CULTIVATION ON THE PERCENTAGE DECREASE IN ROOT 
PRESSURES OF INDIVIDUAL PLANTS AND AVERAGES PER TEST. SARPY SANDY LOAM 














DECREASE OF ROOT PRESSURE IN 2 MINUTES 
PLANT ™ | HARROW TRAC ‘TOR TRACTOR =e, JULEIVATE 
NO. 9) | (SPIKE Disc CULTI CULTI DEEP (6”) 
CULTI roorn) | (2”) VATE VATE PREVIOUS 
VATION | (1”) SHALLOW DEEP CULTIVATIONS 
| ‘ | (3’) (6) SHALLOW (3”) 
% % % % % % 
0.0 1.0 23.0 23.8 0.0 54.2 
2 0.0 1.6 0.0 0.0 19.3 92.3 
3 0.0 0.0 6.2 15.5 18.9 16.6 
4 3.6 11.3 | 9.4 20.3 14.2 72.7 
5 0.5 1.9 18.0 20.6 0.0 50.0 
6 4.0 11.0 33.3 10.3 14.0 100.0 
7 1.8 14.0 7.3 0.0 0.0 100.0 
8 0.0 4.4 18.9 15.5 6.8 43.7 
9 2.0 2.0 37.7 0.0 0.0 64.0 
10 1.3 3.7 | 27.5 0.0 0.0 100.0 
1] ; +3.0 5.8 | 12.0 
12 0.0 14.0 | 21.0 
13 | 0.0 0.0 | 
14 A 4.6 
15 Ry 3.5 


Average de- | 
crease in 
pressure 0.9 5.2 17.8 11.1 7.3 69.3 
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roots to have penetrated very far into the previously cultivated soil; another 
factor influencing these results was the moderately dry nature of the surface 
soil. Readings from individual plants are given to indicate the variations 
that should be expected. These variations were due to differences in dis- 
tribution of the cotton roots. The fact that cultivation did not injure al! 
plants to the same degree is evident from the results. The differences in 
results between plants indicate that a variable number of large roots were 
eut. The small roots fairly uniformly filled the soil. 

A plot which had previously been cultivated shallow was cultivated deep ; 
this treatment resulted in a decrease in root pressure of 69.3 per cent. The 
decrease in root pressure by cultivating deep on a plot which had previously 
been cultivated deep was 7.3 per cent. It is obvious that many more roots 
were cut in the former than in the latter case. 


Discussion 


This method of measuring injury to roots while cultivating is dependent 
upon positive root pressures; therefore, it is best to test the plants before 
planning an experiment. The soil must be moist. According to KRAMER 
(2) the soil should have a moisture content of 45 per cent. or more between 
the moisture equivalent and the wilting percentage in order to exude water. 

Before cotton is cultivated, the manometers measure the internal pres- 
sure in the closed xylem system. The pressure at equilibrium |in reality 
there is no true equilibrium, GROSSENBACHER (1)| is such as to prevent any 
further entrance of water into the xylem. When roots are cut the xylem 
becomes open and water flows from the xylem into the soil. As the pressure 
drops, water again flows into the xylem from all of the uncut roots. The 
decrease in root pressure would seem to be related to the rate of entry of 
water into the roots by absorption as balanced against the rate of exit of 
water from cut roots by bleeding. The data in table I indicate that 2 min- 
utes gave sufficient time for the balance between the rates of entry and exit 
of water to occur. Since root pressures are never stationary, it is necessary 
to read the manometers, after a root pruning experiment, as soon as the 
pressures approach stability. 

The decrease in root pressure is somewhat proportional to the quantity of 
the xylem cut as was shown in table Il. The exact relationship is compli- 
cated and difficult to determine. 

The maximum reduction in root pressure occurs direetly after cultiva- 
tion. After one day the reduction in root pressure is considerably less, and 
after one week there is no reduction in root pressures when compared with 
uncultivated cotton. It appears as though a week is sufficient to stop the 
loss of water from cut roots and, therefore, is sufficient time between experi- 
ments. 

The following precautions should be observed: (1) similar sized plants 
should be used; (2) the manometers should have small, similar sized eapil- 
laries; (3) the manometers should have a leneth sufficient to measure 45 em. 
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of mercury; (4) the manometers should fit tightly against the tops of the 
plant stumps, and the rubber attaching the manometer to the stump should 
be fairly rigid; (5) plants should not be tested unless a week or more has 
elapsed since the previous cultivation; and (6) the plants should be tested 
for positive pressures before starting an experiment. 


Summary 


A method of measuring injury (comparatively) to roots by cultivation 
has been described. The method involves using changes in positive root 
pressures before and after cultivation, with a standardized time interval of 
two minutes between readings. The results are calculated as percentage 
changes in root pressure. 


MISSISSIPPI EXPERIMENT STATION 
STATE COLLEGE, MISSISSIPPI 
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BUFFER VALUES OF THE LEAVES OF SOME PLANTS 


GEORGE E. F. BREWER AND EDITH GODAR 
(WITH TWO FIGURES ) 


Introduction 


One of the factors which influence the chemical reactions within the 
tissue of a living plant is the actual hydrogen ion concentration. There are 
at least two external factors which might affect the acidity of the living 
cell: (1) the CO, content of the air; and (2) the acidity or alkalinity of 
the soil. It seems important, therefore, to know what resistance a plant 
ean offer against a change of its actual acidity. If, for instance, base or 
acid is added to distilled water, a comparatively big change of pH is 
observed (curve 1, fig. 1), whereas a solution of 4 gm. NaOH and 12 gm. 
acetic acid (per liter of distilled water) shows only a slight change of pH 
upon addition of base or acid (curve 3, fig. 1). The term buffer index has 
been introduced to describe these circumstances. The mathematical argu- 
ment for the buffer index ‘‘8’’ was developed by vAN SLYKE (9). It 
is the differential quotient of the gram equivalent concentration of base 
dB 
dpH’ 

_ Normality of base (or acid) added x ml. base (or acid) added 
B= Shift in pH x volume (or weight) of buffer solution 


or acid added, with respect to the change in pH, 





A considerable amount of work has been done to determine the titration 
curves and buffer index curves of plant tissues, using expressed sap, filtered 
or unfiltered, diluted or undiluted, boiled or unboiled. In this work we have 
determined the pH, titration curves, and buffer indices of some plant mate- 
rial which have not been determined hitherto, and have also, for comparison, 
included some plant material about which data have been reported pre- 
viously, extending these data over a wider range. 


Method 


The method used consists in macerating 0.5000 gm. of plant tissue with a 
small quantity of water, and diluting the resulting suspension to 5 ml. 
This suspension is immediately put into the cup of a glass electrode set, and 
the initial pH determined. Small quantities of acid or base are added to 
the suspension of macerated plant tissue, using a microburette calibrated 
to 0.01 ml., which allows the estimation of 0.001 ml. After each addition 
of acid or base, and a few seconds of stirring, the pH is recorded. In all 
cases investigated, the pH remained constant for a period of at least 15 
to 20 minutes, so that we may safely conclude that equilibrium had been 
reached. The data so recorded include weight of tissue, volume of solution, 
the number of ml. of acid or base added, the normality of the acid or base 
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added, and the shift in pH. These data were used to plot acidity against 
the volume of the acid or base (fig. 1), which diagrams are usually called the 
titration curves. From these the buffer indices were computed and then 
plotted against pH (buffer index curves, fig. 2). 

It should be noted that we based our computation on the weight of plant 
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Fie. 1. Titration curves. 


material used and not on the weight of solution in order to simplify the 
comparison with the data given by other authors. 

Regarding the influence of dilution upon pH, we quote Martin (5). 
. . . Sinee dilution does not change the ratio of acid salt to normal salt 
in dilute concentration, the pH value of the sap on dilution should not 
change to any appreciable extent. . . .”’ This was proved by her experi- 
ments, and our results also confirm the statement. 
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Results 


SUNFLOWER (Helianthus annuus).—Sunfiower seeds were soaked for 24 
hours in water and then grown in garden soil, indoors, near a south exposed 
window in April. The cotyledons for the experiment were picked before 
the first leaves unfolded (see curves 4, fig. 1; and 13, fig. 2). 

Porato (Solanum tuberosum).—A tuber which had been stored over 
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Fig. 2. Buffer index curves. 


winter was cut in half and placed cut side downward in a glass jar, after 
a few ml. of water had been added. The experiment was carried out using 
the inner storage tissue, when the new roots in the older eyes were about 
two inches long (see curves 5, fig. 1; and 14, fig. 2). 

BryopHyLLumM (Kalanchoe pinnata).—The experiments. were carried 
out on the lowest leaves of a plant which carried about 10 pairs of leaves 
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(about 10 inches high), grown indoors in sandy soil. After a succession of 
rainy days, the plant was placed in darkness and the ‘‘morning’’ experi- 
periment was carried out the next morning, when the plant had been in 
darkness for 16 hours (see curves 6, fig. 1; and 15, fig. 2). The ‘‘evening”’ 
experiment was carried out a few days later, after the plant had been ex- 
posed to sunlight for 16 hours (see curves 7, fig. 1; and 16, fig. 2). 

WANDERING JEW (Zebrina pendula).—The leaves for this experiment 
were selected from a branch about 10 inches long, which was grown indoors 
in garden soil. Care was taken to select pieces which contained the normal 
proportion of green, purple, and silvery tissue (see curves 8, fig. 1; and 
17, fig. 2). 

Coteus (C. blwmei).—The experiment was carried out using the leaves 
(1 ineh in diameter) of a plant about 5 inches high, grown indoors in 
garden soil. The leaves were variegated, green, white, and red; and the 
experimental material was selected to show about the same average composi- 
tion in green, white, and red as a normal leaf (see curves 9, fig. 1; and 18, 
fig. 2). 

Dove.as FIR (Pseudotsuga taxifolia)—The leaves for the experiment 
were selected from a tree about 8 ft. tall, 10 vears old. It had grown out- 
doors in garden soil. For one experiment, the soft green young needles 
were picked ; for the other experiment, mature needles which grew next to 
the young ones were chosen (see curves 10 and 11, fig. 1; and 19 and 20, 
fig. 2). 

Discussion 


SUNFLOWER (Helianthus annuus).—Miss Martin (6) reports for the 
hypocotyl a vAN SLYKE index 8 equal to 0.0020, which compares well with 
our determination of B equal to 0.0020 for the same pH range (pH 5 to 7). 

Potato (Solanum tuberosum).—Our data compare well with the data 
given by CoHN, Gross and JOHNSON (2) from which SMALL | (8) page 286] 
has computed the buffer indices, as well as with the data given by INe@oup (4). 

BryoPpHytuum (Kalanchoe pinnata).—lIn the narrow range observed by 
InGoup (4) our data are in agreement with his, especially if we consider the 
large diurnal fluctuations of acidity in this plant. 

It is furthermore of interest that the titration curve of this plant, in its 
acid ‘‘morning’’ condition, finally approaches the H.O-base curve sooner 
than the more alkaline ‘‘evening”’ titration curve does. This is in agree- 
ment with the general observation that a greater total acidity (titrable acid- 
ity) in plant tissue is concomitant with lesser actual acidity |see GusTAFSON 
(3)]. This applies also to curves 10 and 11, figure 1. 

Coteus (C. blumei).—Our data show that the leaves of this plant are 
more highly buffered toward acid than toward alkali. 

WANDERING JEW (Zebrina pendula).—Our data show that this plant is 
very slightly buffered against both alkali and acids. 

Doveuas Fir (Pseudotsuga taxifolia) —The observed data show unsteady 
slopes of the titration and buffer curves, which seems to be characteristic for 
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the family of conifers, since CHAPMAN’s (1) data point the same direction 
for the roots of Pinus echinata seedlings. The unsteady slope of the curves 
can be explained by the presence of polyvalent anions, which, like PO,> ion, 
give unsteady titration curves, or by the presence of several different anions 
of distinctly different ionization constants. 


Summary 


1. The pH values of several plant tissues were determined by the use 
of a comparatively speedy method and changes in the pH upon addition of 
small quantities of acid or base determined. The recorded data were plotted 
and the titration curves drawn (fig. 1). 

2. From the titration curves the buffer indices ‘‘8’’ (vAN SLYKE indices) 
were computed. The van SLYKE indices ‘‘3’’ were plotted against pH and 
the buffer index curves drawn (fig. 2). 

3. The data observed regarding sunflower, potato tuber, and Kalanchoe 
pinnata are in fair agreement with the data reported by other authors, using 
other methods, and data extending over a wider range of pH are hereby 
reported. 

4. The data on Coleus blumei show that the leaves of this plant are com- 
paratively well buffered against acids and only slightly buffered against 
alkali. 

5. The data for Zebrina pendula show that the leaves of this plant are 
very slightly buffered against both acid and alkali. 

6. The data on Pseudotsuga taxrifolia show that the leaves of this plant 
contain polyvalent anions and/or several anions of distinctly different 
ionization constants. 
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BRIEF PAPERS 


GLASS POTOMETERS FOR STUDIES OF ABSORPTION AND 
EXUDATION BY EXCISED ROOTS 


H. F. ROSENE 


(WITH ONE FIGURE) 


Two types of potometers which have been found very useful in studies 
on roots are shown in figure 1. Type I is used for studies of exudation only, 
type II for absorption and exudation. 

The dimensions of a potometer of either type are based upon such factors 
as: the diameter and length of the root selected for study; capacity of the 
vessel, A, which should be sufficient to provide an adequate oxygen supply 
when gases are not passed through the solution surrounding the root; and 
by the type of apparatus in which the potometer is placed. 

Each potometer is filled or drained through the tube, N, by using a small 
pipette with a rubber bulb and a short piece of rubber tubing to fit over the 
external orifice of N. This pipette is used to stir the solution when desired. 
In type I, tube N is also used to pass gases or solutions continuously into the 
vessel and out through the side arm, P. The external orifices of N and P are 
closed with minute glass stoppers or by clamping rubber tubing passed over 
the projecting side arms. 

A root with no lateral branches is threaded through the respective holes, 
R, 8, and T of each potometer. In type I the hole, 8, extends through the 
glass cover (which in some potometers is attached with vaseline to permit 
easy removal) ; in type II, 8 is the external aperture of the neck. The 
diameters of R and S correspond in general to the diameters of the selected 
roots; they are a fraction greater to permit threading without injury. 

Threading a root through the aperture is conveniently done by holding 
the plant and excising the root at the upper level of R after threading. Ex- 
cision is always made with a sharp razor blade through a drop of water sur- 
rounding the root at R. The excised root is held in place by the walls of 
the hole, T, bored through a small rod attached to the vessel wall. 

The root is placed so that its cut surface is just below the top edge of the 
opening R. <A small drop of water over the cut edge provides a meniscus 
as a reference point at the beginning of an experiment. Exudate flows from 
the cut surface into the ‘‘exudation’’ tube, E, attached to the bent glass rod, 
B, which is the potometer support. When desirable the opening R is cov- 
ered with a minute piece of cover glass. 

An ‘‘absorption’’ tube, D, attached to the neck of a potometer vessel of 
type II is the essential difference between the two potometer types. This is 
filled or drained by passing fluid through tube N. 

Determination of the rates of absorption or exudation is based upon ob- 
servation of the excursions of the terminal menisci in the ‘‘absorption’’ or 
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‘‘exudation”’’ tubes. The diameter of the bore of these tubes, as used in 
studies on young onion roots, is usually 1 mm. or less, and a horizontal micro- 
scope fitted with a filar micrometer eye piece is used to make readings. If 
growth occurs in excised roots it is necessary to make corrections for the 
excursions of the meniscus in the ‘‘absorption’’ tube D (type IT). 
Potometers of both types are used for studies of straight roots without 
laterals; potometers of type II are also used to study exudation of excised 
root systems. The glass cover is removed to permit ready insertion of the 
root system into the vessel A; it is replaced by fitting it over the cut end of 
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Fig. 1. 


the main root. The cut end is inserted into R from below; the exudation 
tube E of type I is not placed in as close proximity to 8 as in the illustration 
thus permitting easy insertion from below. 

In the studies on onion roots, potometers are placed within individual 
doubled walled metal chambers, rectangular in shape, and are supported by 
fastening the bent arm of B in a clamp attached to a chamber wall. The 
cover of each chamber is firmly held in place against a thick gasket of soft 
rubber. Two glass windows in the front and back walls permit light to 
enter and provide for observations. Two holes in opposite side walls of 
each chamber, face each other and are in line with the long axis of the 
exudation tubes and arm extensions of each potometer. These holes provide 
access into the closed chamber without removing the cover. Pipettes are 
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conveniently passed through them to fill or drain the vessels and tubes. The 
holes are closed with rubber stoppers. These openings in the side walls also 
provide for making connections to the external orifices of N and P (type I) 
for continuous flow of gases or solutions. 

The lower portion of each chamber is flooded with water to a level just 
below the arm of tube N. This serves as a water bath and provides a humid 
atmosphere in the upper portion of the enclosed space. 

Further temperature control is attained by circulating water through 
the space between the walls of each chamber. 


UNIVERSITY OF TEXAS 
AuSsTIN, TEXAS 








NOTES 


Executive Committee Meeting.—The Executive Committee of the 
American Society of Plant Physiologists convened at the call of its officers 
in Chicago on January 29 and 30, 1944. The meetings were held in the 
Stevens Hotel, and eleven members were present. Many problems came 
under review, some of which could be settled immediately, while others 
depend upon future ratification, or upon the annual election. As rapidly 
as these matters are definitely decided, information will be provided for the 
membership. 

The problems considered were mainly the following: Consideration of the 
report of the Committee on the Editorship; policies regarding future meet- 
ings during the war emergency ; the problem of war emergency committees ; 
closer cooperation between biological societies; plant physiological mono- 
graphs; the Kilgore Bill; permanence for the offices, particularly those con- 
cerned with our permanent records and our financial assets; the strengthen- 
ing of ties between our organization and the plant physiologists of Western 
Hemisphere republics ; cooperation with the Scientific Monthly in publicizing 
the advances being made in plant physiology ; routine matters, and appoint- 
ments to committees. 

An editorial board was provided for the monograph series, five members 
to serve for five years each, but to be started with one-, two-, three-, four-, and 
five-year terms, and one to be reappointed or replaced each year. The 
editors of the monograph series will be appointed after passage of the 
necessary legislation. Dr. Loomis reported that only a few copies of the - 
first monograph are left. He has the outline for a monograph on photo- 
synthesis, but actual publication will have to wait until the close of the war. 

The Executive Committee voted unanimously that the Society become 
affiliated with the Union of American Biological Societies, with the distinet 
understanding that there is no financial responsibility connected with such 
affiliation. 

The constitutional amendments recommended are too numerous to list, 
but most of them are related to changes in the names and functions of the 
officers heretofore called secretary-treasurer and business manager. If the 
changes are adopted, the secretary-treasurer will become secretary, and the 
business manager will become executive secretary-treasurer. The latter will 
handle all moneys, dues, and subscriptions, sales of back volumes, ete., pay 
all bills, and become an appointive instead of an elective officer. All of these 
important changes will appear upon the ballot at the next annual election 
in May. 

Dr. Bernarp S. Meyer, president of the Society at present, was ap- 
pointed to be Contributing Editor to Scientific Monthly, and he was also 
unanimously chosen to membership on the editorial board of Plant Physi- 
ology for a five-vear term beginning in 1943. 
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Dr. WALTER THoMAs of the Pennsylvania State College was reappointed 
to membership on the finance committee. In connection with the financial 
position of the Society, the reserves, to the extent of $1,000.00, were ordered 
to be invested in a government bond, series G. 

Closer bonds are sought between ourselves and plant physiologists of the 
South and Central American republics, and Mexico. Possibly members 
already residing in the other Americas may become ambassadors of good will 
to foster closer scientific and social ties among us. It is desirable and to our 
mutual advantage to have these ties of friendship as close and warm as 
possible. 

The most important matter under consideration was the choice of an 
editor-in-chief to follow the present incumbent of that office. After a trial 
ballot which considered four names, the Executive Committee expressed its 
unanimous choice of Dr. Wauter F. Lorenwine of the State University of 
Iowa for this position. As the current editor-in-chief has not resigned, but 
merely wishes to let his natural appointive term expire, it was felt that the 
choice should be ratified by the Executive Committee as constituted after the 
first of July, since this appointment would naturally have been made at the 
December, 1944, meeting, were meetings being held. Some such procedure 
seemed desirable so that there might be some overlapping of time for consul- 
tation between the editors; the October number of PLant PuysioLoey should 
be ready for the printer by about July 1. Yet the Executive Committee 
desired not to seem in any way to exceed its authority, and provided for 
ratification of its action by the officers in charge after July 1, 1944. 


Life Membership Awards.—The Charles Reid Barnes life membership 
committee has made two awards. The twentieth award, according to the 
by-laws, was to be made to a distinguished foreign plant physiologist. In 
accordance with this regulation, the committee has chosen Dr. N. G. 
CuoLopny, professor of Plant Physiology at the University of Kiev, as the 
recipient of this honor, which is conferred upon scientists of other lands at 
each fifth award. 

The committee also made the twenty-first award of the Charles Reid 
Barnes life membership to Dr. WALTER THoMAs of the Pennsylvania State 
College. Dr. THomaAs is well known for his studies of carbohydrate and 
nitrogen metabolism, plant nutrition, and in recent years for his studies of 
foliar diagnosis, the principles of which are becoming of greater importance 
as they are better understood and applied. 

The American Society of Plant Physiologists is highly honored by these 
selections. There are 17 living members in this group. 


Stephen Hales Award.—The ninth of the Stephen Hales awards will be 
due in December, 1944. The committee consists of the last three recipients 
of the award, the earliest of the three being chairman of the committee. Dr. 
JouHn W. Suive of the New Jersey Agricultural Experiment Station will, 
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therefore, be chairman ; acting with him will be Dr. Pumir R. Wurre of the 
Rockefeller Institute of Medical Research, Princeton, New Jersey, and Dr. 
CORNELIS BERNARDUS VAN NiEL of Stanford University. In recent years an 
attempt has been made to alternate the awards to older and younger men, 
but each committee has determined for itself what line of demarcation to 
make between younger and older. The award for 1944 should go to a 
younger man who has made outstanding contributions to plant physiology. 


War Service.—Plant physiologists will be interested in the description 
of their profession which is now being used by the Bureau of Placement of 
the War Manpower Commission for men now on the National Roster of 
Scientific and Specialized Personnel. Publication of this material has been 
authorized by Leonard Carmichael, Director of the National Roster. 

‘**Plant physiology: The basic science upon which rests many of the 
practical agricultural applications carried out in agronomy, ecology, flori- 
culture, horticulture, pathology, and other plant sciences. It deals directly 
with the influence of each environmental condition, such as temperature, 
humidity, light, mineral nutrients, etc., on the individual processes going on 
in the plant, such as growth, respiration, photosynthesis, metabolism, nutri- 
tion, ete. Improvements in plant growth, propagation, and yields are direct 
applications of basic physiological studies of hormones, vitamins, and 
mineral nutrients. Modern storage and transportation of plant products 
are based on principles of respiration and metabolism. Important medical 
practices are frequently outgrowths of plant physiological studies. ”’ 

Specialization in plant physiology and pathology is stated in the follow- 
ing terms: ‘‘Specialization in both these fields is usually by particular crop 
or group of related crops, although there is some specialization in the other 
dimension, for example, in the field of growth hormones, in plant nematology 
or in plant virology, in groups of diseases such as smuts and rusts, or in 
control measures, such as spraying or seed treatment.’’ 

The crop groups are listed as follows: 


1. Forest trees, including log and shade trees. 

2. Fruits and nuts, including grapes and berries. 

3. Vegetable crops. 

4. Flowers and ornamentals, including shrubs. 

5. Cereal and grain crops. 

6. Forage crops and grasses. 

7. Field crops, including fiber plants, tobacco, potatoes. 
8. Nursery and greenhouse crops. 


9. Rubber, oil, or drug plants. 
Functional specialization is described in terms of the nature of the work 
performed, the following in addition to any others already named: 
1. Research. 
2. Inspection (applicable to pathologists). 
3. Extension ( - a = ) 
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4. Teaching at the university level. 
5. Administration and management. 

**In determining the professional status of an individual, some weight 
can be given to membership in a national or local professional organization. 
The top grade of membership in such groups is generally limited to indi- 
viduals who have acceptable professional qualifications. Lack of such mem- 
bership, however, should not be construed as indicative of nonprofessional 
status.”’ 

**A technically qualified plant pathologist or plant physiologist usually 
possesses the minimum of a bachelor’s degree in either field, or occasionally 
in some related field as horticulture, agronomy, or botany.’’ 

**Plant physiology, although a botanical subject, is related to bio-chem- 
istry, physies and physical chemistry.”’ 

**Plant pathologists and physiologists are employed principally by gov- 
ernment, in higher education, in non-profit research agencies, and in food 
products and agricultural fungicides manufacturing industries. ”’ 

These statements of the governmental authorities constitute valuable 
information to the plant physiologists whose status has not been determined 
in the war effort. Many are already engaged in definite war services, and 
the work of the plant physiologist has many vitally important angles, both 
for war, and for the reorganization of world peace. 


Erratum.—The editor’s attention has been called to an error in the 
October, 1943 number of PLant PHysioLogy. On page 629, table IX, first 
footnote to the table, for ‘‘ration’’ read ratio. Once more we eall attention 
to the desirability of reports from all authors who find any errors in their 
papers. In spite of our efforts to keep errors out, they slip by occasionally ; 
and we welcome the interest and watchfulness which leads to the reporting 
of mistakes. We urge authors to be meticulous in proofreading the galleys; 
if errors are noted at that time, there is better assurance that the papers will 
be letter perfect. Please correct the errors in your number of the journal. 


Plants and Vitamins.—In recent years it has become obvious that vita- 
mins are useful not only in animal metabolism, but that they are also impor- 
tant to the plants which produce them, and particularly to plants which do 
not produce enough of them for their own growth. An excellent book on this 
subject is Plants and Vitamins by W. H. Scuoprer, Director of the Botanical 
Institute, The University of Bern. An authorized English translation has 
been provided by NorBert L. NoecKer of Notre Dame, and the foreword is 
by W. J. Ropsrns. 

There are twenty-four chapters, which are divided into three general 
sections or parts. Part 1 discusses the synthesis of vitamins in plants ; auxo- 
autotrophic plants; and research methods. Nine of the chapters are in- 
cluded in part 1. There is a general introduction, followed by a discussion 
of the plant cell and its capacity for synthesis. Then come chapters on 
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experimental study of growth factors and the selection of test plants; classi- 
fication and definition of active substances; the principal vitamins synthe- 
sized by plants; vitamins and their action on plants synthesizing them (two 
chapters) ; and the biosynthesis of vitamins (two chapters). 

Part 2 contains eleven chapters, dealing with vitamins in relation to 
plants unable to synthesize them, and the growth factors of microorganisms. 
Thiamin and its components; yeast and bios; nicotinic acid and its amide; 
growth factors of the lactic bacteria; nitrogen-fixing bacteria and their 
growth factors, and coenzyme R (biotin) ; requirements of the hemophilic 
organisms, factors X and V; and such factors as ascorbic acid, vitamin D, 
cholesterol, pimelic acid, and the SH group, receive detailed consideration. 
The functions of the vitamins, especially as coenzymes; the capacity the 
organisms possess for synthesis, the effects of loss of synthetic capacity on 
the organism ; and vitamins in relation to other active substances round out 
the survey. 

The last section, part 3, deals with general problems involving vitamins. 
The four chapters are titled as follows: Vitamins in nature, their réle in 
agriculture and horticulture, vitamin cycles; growth factors, vitamins, and 
sexuality ; symbiosis, parasitism, and vitamins; and microorganisms as test 
objects for vitamins. Less than three pages set forth the conclusions, giving 
the gist of the matter as it were in a nut shell. An author index lists well 
toward six hundred authors, and an adequate subject index closes the work. 

Here we have an excellent survey of the most recent developments in the 
field of plant nutrition, the functions of the trace organic essential nutrients. 
ScHOPFER is a leader in the development of the field, and the translator has 
rendered it into very good English. It is one of those books the investi- 
gator cannot afford to pass by. The publishers may be addressed Waltham, 
Massachusetts, the Chronica Botanica Co.; New York City, G. E. Stechert 
and Co. The book is priced at $4.75 per copy. 


Statistical Analysis.—The importance of statistical analysis has been 
steadily growing, and we call attention to the recent publication of Statisti- 
cal Analysis in Biology, by K. Maruer, head of the Genetics Department of 
the John Innes Horticultural Institution, London. The book differs some- 
what in its aims from other excellent books on the subject, by emphasizing 
the scope of the various methods, their interrelations, and how they fulfil the 
conditions necessary for satisfactory analysis. It avoids the pitfall of proofs 
of propositions and distributions, as well as that of being too technical, yet 
to some it may seem so. One cannot too strongly urge students of biological 
problems to become familiar with the sign language used in such work. The 
book is graded to build up to the more severe mathematical requirements in 
the later chapters. The subject is covered in twelve chapters, as follows: 
Introductory ; probability and significance; distributions; tests of signifi- 
cance; the significance of single observations, sums, differences, and means ; 
degrees of freedom and the analysis of variance; planning experiments; the 








